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PREFACE  OF  THE  EDITOR. 


msfi^ 


AftsIl  tbe  death  of  Dr  Rofaiscm,  in  1806;  his 
friend  and  suocessor,  the  latePrafessorFkyftuv  un- 
dertook to  draw  up  ah  atooimt  of  his  life  and  writ- 
ings^ and  to  arrange  andedite  the  Yarioiia 


whidi  he  had  compbeed  for  the  Encydopsadbt 
Britaimiea.  The  public  afaneady  know  with  how 
much  Ability  Mr  Playfidr  executed  the  first  part 
of  hia  task;  and  it  is  ttiuoh  to  be  r^retted  that 
he  did  not  complete  it»  by  supmntending  tiie 
pohUcation  of  the  present  wwk  When  we  oan* 
8idar»  however^  his  advanced  age»  and  ihe  ninner* 
ous  pursuits  of  his  own,  which  he  did  not  Uve  to 
finish,  we  cannot  be  surprised  at  his  declining  to 
occupy  his  tame  with  a  species  of  labour  fay 
whidi  he  could  neither  add  to  his  own  reputa* 
tion^nbr  to  that  of  Dr  BobiacMi. 

Under  these  drciimstances,  I  was  requested  by 
Dr  Robison's  fiunily  to  superintend  the  publicsr- 
tion  of  his  scientific  work^  which  consisted  of 
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puscular  Action,*  and  of  the  articles  which  he  had 
contributed  to  the  fourth  edition  of  theEncydopas- 
dia  Britannica.  Having  enjoyed  the  advantage 
of  being  one  of  Dr  Robison's  pupils,  I  could  not 
decline^  a  task  whibh  naturally  devdived  upon 
me ;  nor  should  I  have  felt  myself  at  liberty  to  do 
so,  had  I  been  able  to  foresee  the  difficulties 
which  I  had  to  encounter  in  its  execution. 

As  the  work  could  not  be  ^itended  beydnd 
four  volumes,  it  was  necessary  to  select  the  most 
important  artides  for  puUication ;  and  even  when 
this  adecticHi  was  made,  I  could  not  confine 
Hmq  within  the  prescribed  limits,  without  a  pro- 
cess of  abridgmeqt,  which  was  both  troublesome 
and  difficult  In  doing  this,  howeyer,  I  gene- 
rally confined  myself  to  Uie  omission  of  those  di- 
gres^ohs  of  a  politica^and  religious  nature,  whidi, 
however  appropriate  they  might  have  been  at  the 
time,  were,  in  every  respect,  unsuitable  to  sden- 
tifie  discussions ;  though  sometimes,  &om  a  dif- 
fuseness  of  sty le,  and  a  redundancy  of  illustration, 
allowable  in  an  EncydopaBdia,  I  was  enabled  to 
abridge,  without  omitting  any  essential  step  in  the 
investigation.  The  repetitions  so  lihavoidable  in 
artides  written  and  published  at  different  times. 


*  The  manuBOipt  articles  are  printed  in  vol.  I.  from  p.  159  to  Ses. 
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I  harre  in  some  cases  omitted ;  buttfaey  still  exist 
to  a  considerable  degree,  and,  I  am  persuaded, 
tibej  will  not  be  regaided  as  defects  by  the  reader 
who  has  occasioii  to  study  separately  the'articles 
in  which  they  occur.  Had  the  works  of  Br  Ro- 
faison  been  put  into  iny  hands  in  MS.  to  be  pal>. 
lished  for  the  first  time,  I  should  have  felt  that 
the  lesponsibility  of  the  author  was  transferred  to 
the  editor ;  but,  in  the  present  case,  almost  all  the 
articles  had  been  previously  before  the  public ;  and 
had  reeeiTed  from  the  hands  of  the  author  various 
corrections  and  additions.  Under  these  drcum- 
sfeances^  I  was  freed  from  every  editorial  responsi- 
bility, excepting  that  of  the  most  humble  kind« 

In  Older  to  render  this  work  as  much  as  pes- 
able  a  system  of  mechanical  philosophy,  I  was 
amdous  that  it  should  c(H)tain  a  complete  treatise 
on  astronomy.  The  short  articles  on  Astronomy, 
and  the  articles  on  the  Tides  and  the  Precession 
of  the  Equinoxes,  which  Dr  Robison  had  written 
for  the  EncyclopsBdia  Britannica,  were  unfit  to 
supply  this  desideratum.  I  found  it  necessary, 
therefore,  to  delay  the  work  till  the  year  1820, 
when  tiie  copy-right  of  his  System  of  Astronomy 
had  expired.  This  work  has  therefore  been  used 
as  a  substitute  for  the  astronomical  articles  con- 
tained in  the  Ency  dopasdia,  and  will  be  found  one 
of  the  most  valuable  treatises  on  Physical  Astro- 
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niomf  that  has  ibr  a  laiig  time  been  giten  tD  the 
puhlie. 

Beingdesiixmsof  malmigtilie  work  as  oomplete 
as  possible,  I  had  proposed  to  give  an  aooount  of 
die  i^eetit  disooveries  in  sdcnee  in  the  £am  Of 
notes.    I  found,  however,  as  I  proceeded,  tbat 
there  whs  not  room  for  any  additional  matter,  ex^^ 
oepting  a  f e^  notes,  and  references  to  more  noent 
w^orics;  and  I  felt  that  I  could  xnahe  no  apology 
ho  the  reader  for  inserting  composafions  of  .my 
own,  while  I  was  under  the  necessity  of  ajbridg* 
ing  the  original  work.    In  the  artide  on  the 
Steam-Engine,  however,  I  deviated  from  tills 
rule.    The  g|reat  improvements  which  had  been 
made  upon  this  engine  since  Dr  Rdbison's  article 
was  written,  rendered  it  necessary  that  conside- 
rable additions  diould  be  made  to  it    I  had  the 
good  fortune  to  prevail  upon  our  late  cdebmted 
countryman,  Mr  James  Watt,  to  undertake  the 
revision  of  the  artide ;  and  though  he  intended 
only  to  correct  imperfections,  and  supply  some 
of  the  most  prominent  defects,  yet  he  was  gra* 
dually  led  to  extend  his  views,  and. to  compose 
those  valuable  additions  on  the  History,  the  Prin* 
dples,  and  the  Construction  of  the  Steam-Engiue 
which  enrich  that  part  of  the  work. 

To  those  who  may  examine  Ihr  BoUson's  dis» 
sertauons  with  a  critical  eye,  it  may  be  necessary 


PREFACE  QW  THE  EDITOB*  3U 

tostste,  ^bsA^beyvnte  all  oompdsod  und»tlie  in- 
fluence of  that  cruel  disetiae  with  which  h^  WM 
afficted  fot  a  Ipng  period  of  yeanu  The  know- 
ledge  of  mediiaiiiGal  j^ukmfby  whfcoh  they  ev6r]r<- 
whece  di^lay  pooBesaes  the  mre  quality  ctf  h(»ng 
atonoe  picaoiicd  and  profound,  and  tiiey  aie  cftem 
emidlied  wifii  <Nagmal  views  and  ingemous  ior 
ventaonfl^  wbieh  itnquhred  only  the  tranquillity  of 
haalth  to  perfbet  and  matuK.  It  was  his  destinyi 
bowerer,  to  eigoy  but  at  distant  intervals  that 
calm  of  mind  which  can  alone  sustain  the  ardour 
of  dkoomij.  At  tsudi  periods,  his  amUtian  con- 
stantly reverted  to  those  original  pursuits  which 
he  was  desirous  of  brmging  to  a  dose ;  but  they 
were  no  sooner  begun,  than  th^  were  interrupt- 
ed by  renewed  attacks  of  that  painful  disease 
which  ultimatdy  deprived  him  of  his  life. 

Although  Dr  Bofaison's  name,  therefore,  can- 
not be  associated  with  the  great  discoveries  of  the 
century  which  he  adorned,  yet  the  memory  of  his 
tflients  and  his  virtues  will  be  long  cherished  by 
his  country.  Imbued  with  the  genuine  spirit  of 
the  i^iilosophy  which  he  taught,  he  was  one  of 
the  wannest  patrons  of  g^us,  wherever  it  was 
found  £Ds  mind  was  nobly  elevated  above  the 
mean  jealousies  of  rival  ambition^  and  his  love  of 
fldence  and  of  justiae  was  too  ardent  to  aUow  him 
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either  to  depredate  the  labours  of  others,  or  to 
transfer  them  to  himself. 

To  these  great  qualities  a$  a.  philosopher,  Dr 
Robison  added  all  the  more  estimable  endow- 
ments of  domestic  and  of  social  life.  His  friends 
ship  was'  at  all  times  generous  and  sincere. 
His  piety  was  atdent  and  uiiostentatious.  His 
patriotism  was  of  the  most  pure  and  exalted  cha- 
racter ;  and,  like  the  immortal  Newton,  whose  me-> 
mory  he  cherished  with  a  peculiar  reverence,  he 
was  pre-eminently  entitled  to  the  high  distinc^ 
tion  of  a  Christian  patkiot  and  philosopher. 

.  Spivburoh^  Deg.  2^,  1821. 
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i«  This  name  marks  that  department  of  phjsicc^mathe* 
matical  sci^ice  which  contains  the  abstract  doctrine  of 
MOYiNG  FORCBs ;  that  is^  wbateyer  necessarily  results  from 
the  relations  of  ovr  ideas  of  motion;  and  of  the  immediate 
causes  ot  its  production  and  changes. 

2.  All  changeg  of  motion  are  considered  bj  us  as  the  in« 
dications,  ^the  cbafacteristics,  and  the  measures  of  chang* 
ing  causes.  I'his  is  a  physical  law  of  human  thought^ 
and  therefore  a  principle  to  which  we  msj  rder,  and 
from  which  we  must  deriFe  all  our  knowledge  of  those 
causes;  When  we  appeal  to  our  own  thoughts  or  feek 
ings,  we  do  not  find  in  ourselves  any  disposition  to  refer 
mere  existence  to  any  cause^  although  the  beginning  of 
existence  Cw^'tainly  produces  this  reference  in  an  instant. 
Had  we  always  observed  the  univene  in  motion^  it  doef 
not  appesir  that  we  should  have  ascribed  it  to  a  cause,  till 
the  observation  of  relative  rest,  or  something  leading  to 
it,  had  enabled  us  to  separate,  by  abstraction,  the  notion 
of  matter  from  that  of  motion.  We  might  then  perceive, 
that  rest  is  not  incompatible  with  matter ;  and  we  might 

A     ■ 
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even  obaecve,  by  means  of  relative  motions,  that  absolute 
rest  might  be  produced  by  the  concourse  of  equal  and  op- 
posite  motions.  But  all  this  requires  reflection  and  rea- 
soning ;  vi^hereas  we  are  now  speaking  of  the  first  sugges- 
tions of  our  minds. 

3..  We  cannot  hare  any  notion  of  motion  in  abstractor 
without  considering  it  as  a  state  or  condition  of  existence, 
which  would  reOiaii^  If  Mt  diaHged  b^  iome  cause.  It 
IS  from  changes  alone,  therefore,  that  we  infer  any  agency 
in  nature ;  and  it  is  in  these  that  we  are  to  find  all  that 
we  know  of  their  causes. 

4.  When  we  look  around  us,  we  cannot  but  observe, 
4  that  the  motions  of  bodies  have,  in  most  cases,  if  not  al- 
ways, some  relation  to  the  situation,  the  distance,  and  the 
discriminating  qualities  of  other  bodies.  The  motions  of 
the  moon  have  a  palpable  relation  to  the  earth ;  the  mo- 
tions t)f  thte  tide^  liave  as  ^evident  a  relatioli  tt>  the  ttioon ; 
Ihe  ttirtiMs  tif  a  j^ce  t5f  hiott  h&fe  a  palpable  dependences 
M  ^  rtt^gtitt.  The  vtcttiity  of  the  tme  seMUS  to  be  lAib 
txcc^iiston,  at  l^aist,  of  the  motioftis  at  Vhe  t^het*.  The  eatneb 
of  these  motions  have  an  evkteht  ttynnecti^n  wiUli  43ft  Ad^ 
|iendieikxte  on  the  othek*  bddy.  W'a  are  even  disposed  to 
itoa^e,  that  they  ak*e  inherent  in  ^at  Irody,  and  that  tt 
posses^^  iciertaSn  quaHK^s  whidh  arc^  the  causes  of  those  mo- 
ifificaiioM  of  iMotitOn  in  x>ther  bodied.  These  vti*ve  to  di»* 
tlihgtiish  some  bodies  l^tiikn  t>thers,  atfd  may  tJherefbfe  be 
thXki  "pktft^thWR^ ;  Mbd,  ^ittte  Iht  ebttditiwn  «f  otfaier  bd^ 
(ties  sbeVMetttfjr  depends  on  th^em,  these  propetties  exf»res^ 
^rf  ititel^iffg  r^ti<ms  of  bodies,  and  are  xAAettf  at>* 
tetotleri  to  in  the  lenuttr^atton  tf  iibe  tircmnstances  which 
H^rt&in  wliat  w«  cdl  the  nature  tX  any  thing.  We  do 
ttottttan  to  'say,  Umt  these  Merences  ^e  always  jnst^  , 
My,  we  \nm^  that  taiMiy  tX  tbem  are  iO«f<Hintfed :  but 
they  are  feal,  and  tiiey  «erre  abundantly  for  informhigti^ 
#lfat  we  ftiay  expeat  from  any  proposed  situation  of  things. 
It  is  tiicfugfa  for  trs  to  know^  that  when  a  piece  <tf  iron  i^ 
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10  tmd  so  titottted  in  ifibiton  to  a  OMgiiet,  <ii  mil  syMr^iii 
a  certain  Biannfr. 

This  flmival  raLation  of  h^dim  k  diffcrefiftlj  coiuid«red, 
according  to  the  interest  tiuii  w«  chance  tp  take  in  tW 
pbcaomanofi.  Tlie  cau^e  of  4tie  i^pprrach  x)f  the  iron  to  a 
tnagnet  16  geaerailjr  ascrihiNl  io  <the  magntt,  wfaic)i  is  fldd 
to  atljnaci  tiie  in>a,  Jbeealiae  we  ^ammonljr  anplof  the  aug* 
net  in  nniar  thai  tfaeae  iMfiDaa  may  tdu  f  hice.  The  A> 
■ttlar  appraachof  a  Aone  to  the  fartli  ia  «acriba4  tfi  the 
atone^  auil  w«  aaf  that  it  tea^s  to  the  eaiA.  In  aN  jpreu 
Ibfaiikj,  the  prooedbire  ot  mature  ti  the  aame  in  both  ;  for 
they  are'  ohserrisd,  inav^y  it^tmmte^  tote  mqlmalib^tweaa 
the  related  hodiM.  As  irpa  appiDaohta  m  laagnet,  ao  the 
ttBgnet  apptnachaa  the  !«>&.  The  aiuae  thing  ia  obienrad 
fan  themotiieosttf  elaetrifiedhoilspes;  also  in  the  ca«e  of  the 
atone  4MBd  the  .eartk  Therefore  the  cauae  of  due  mationi 
inajr  he  .conceHred  as  ifAcrent  in  ^idher,  or  in  both. 

Tbe  ^Halities  dhtis  inhepcat  in  bodies^  ooostitutingtbah: 
Meehamcal  retatioahit  have  f}een  caHed  the  lucaANicAL  asw 
McTtoMs  o^  u^T7!KR.  B«t  thoj  OTe  lOiore  liouMnonl J  oam^ 
^  powaaa  or  Roncaa ;  and  tbe  cvant  whidi  tndioatcs  their 
INnesenoe,  ii  eonaidfirad  as  the  effect  and  mark  of  their 
Agency.  Tbe  magnet  is  said  to  att  on  dieivon^  (Hie  eortk 
is  said  to  actjOo  -tbe  stone;  and  the  iron  and  the  stone  are 
aaid  to  ac*  on  the  mf^gnet  an^  on  tbe  earth. 

AU  this  is  figurative  4>r  n&etaphoricai  laognage.  AJHaii- 
^ages  .haixe  ibegun  witb  social  vnion)  and  have  improved 
ftlong  with  it.  Tbe  first  collectians  of  woads  expressed 
the  most  familiar  and  the  most  interesting  notions.  In 
tbe  prooess  of  social  tmprpiEement,  the  nnn^ier  €if  words 
jdid  not  iacsease  in  the  same  proportion  with  the  notions 
that  beoame  interesting  and  fonftiliar  in  their  t«m  :  for  it 
nften  happened  Ihat  delations  of  certain  ideas  sb  mudi  re- 
aendded  the  relations  of  oertain  other  ideaS)  that  the  word 
repressing  one  ^  them  served  very  well  for  expressing  the 
sAher ;  because  the  diqsiaiilar  dromnstanees  of  ^e  two 
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cases  prevented  all-chance  of  mistake.  Thus  We  are  said 
to  sumumnt  a  difficulty,  without  attaching  to  the  word  the 
notion  of  getting  over  a  steep  hill.  Languages  are  thus 
filled  with  figurative  expressions. 

5.  Power,  Force,  and  Action,  are  words  which  must 
have  appeared  in  the  language  of  the  most  simple  people ; 
because  the  notions  of  personal  ability,  strength,  and  ex- 
ertion, are  at  once  the  most  familiar  and  the  most  inter- 
esiing  that  can  have  a  place  in  the  human  mind.  These 
terms,  when  used  in  their  pure,  primitive  sense,  express 
the  notions  of  the  power,  force,  and  action  of  a  sentient, 
active,  being;  Such  a  being  only  is  an  agent  The  ex- 
ertion of  his  power  or  force  is  (exclusively)  action :  But 
the  relation  of  cause  and  effect  so  much  resembles  in  its 
results  the  relation  between  this  force  and  the  work  per- 
formedv  that  the  same  term  may  be  very  intelligibly  em- 
ployed (or  bothk  Perhi^s  the  only  case  of  pure  unfigu- 
Tative  action  is  that  of  the  mind  on  the  body.  But  as  this 
is  always  with  the  design  of  producing  some  change  on 
external  bodies^  we  think  only  of  them ;  the  instrument 

m 

or  tool  is  overlooked,  and  we  say  that  we  act  on  the  ex«> 
tenial  body»  Our  real  action,  therefore,  is  but  the  first 
movement  in  a  long  train  of  successive  events,  and  is  but 
the  remote  cause  of  the  interesting  event.  The  resem- 
blance to  such  actions  is  very  strong  indeed  in  many  cases 
of  mechanical  phenomena.  A  man  throws  a  ball  by  the 
motion  of  his  arm.  A  spring  impels  a  ball  in  the  same 
manner  by  unbending.  These  two  events  resemble  each 
other  in  every  circumstance  but  the  action  of  the  mind  on 
the  corporeal  organ-— the  rest  of  it  is  a  train  of  pure  me- 
chanism. In  general,  because  the  ultimate  results  of  the 
mutual  influence  of  bodies  on  each  other  greatly  resemble 
the  ultimate  results  of  our  actions  on  bodies,  we  have  not 
inv^ited  appropriated  terms,  but  have  contented  ourselves 
with  those  already  employed  for  expressing  our  own  ac* 
jtionS)  the  exertions  of  our  own  powers  or  forces.    The 
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rektioB  <tf  physical  cause  and  effect  is  expressed  metapho- 
ricallj  in  the  words  which  t>elong  properly  to  the  relation 
of  agent  and  action.  This  has  been  attended  by  the  usual 
consequences  of  poverty  of  language,  namely,  ambiguity, 
and  sometimes  mistake,  both  in  our  reflections  (which  are 
generally  carried  on  by  mental  discourse),  our  reasonings, 
and  our  conclusions.  It  is  neoessary  to  be  on  our  guard 
against  such  mistakes ;  for  they  frequently  amount  to  the 
confounding  of  things  totally  different  Many  philoso- 
phers  of  great  reputation,  on  no  better  foundation  than 
this  metaphorical  language,  have  confounded  the  relations 
of  activity  and  of  causation,  and  even  denied  that  there  is 
any  difference;  and  they  have  affirmed,  that  there  is  the 
same  invariable  relation  between  the  determinations  of  the 
will  and  the  inducements  that  prompt  them,  as  there  is 
between  any  physical  power  and  its  effect  Others  have 
maintained,  that  the  first  mover  in  the  mechanical  opera- 
tions, and  indeed  through  the  whole  train  of  any  compli* 
cated  event,  is  a  percipient  and  intending  principle  in  the 
same  manner  as  in  our  actions.  According  to  the^e  phi- 
losophers, a  particle  of  gravitating  matter  perceives  its  re- 
lation  to  every  other  particle  in  the  universe^  and  deter* 
mines  its  own  motion  according  to  fixed  laws,  in  exact 
conformity  to  its  situation.  But  the  language,  and  e^efi 
the  actions  of  all  men,  shew  that  they  have  a  notion  qf 
the  relation  of  an  agent  to  the  action,  easily  distinguish- 
able (because  all  distinguish  it)  from  the  relation  between 
the  physical  cause  a^d  its  effect. 

6.  When  we  speak  of  powers  or  forces  as  residing  in  a 
body,  and  the  effect  as  produced  by  their  exertion;  the 
body,  considered  as  possessing  the  power,  is  said  to  act 
on  the  other.  A  magnet  is  said  to  act  on  a  piece  of  iron ; 
a  billiard  ball  in  motion  is  said  to  act  on  one  that  is  hit  by 
it :  but  if  we  attempt  to  fix  our  attention  on  this  action, 
as  distinct  both  from  the  agent  and  the  thing  acted  on,  we 
£nd  no  object  of  contemplation*— the  exertion  or  procedure 
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of  Hftttii'd  k  ^hydadlig  ibe  ttnH  imi  iMtikm  «iid«r  mit 
atw.  Whetk  we  9pMAf  of  the  aCflion  M  diMili^t  from  tbi 
itgeht.  We  find  tbitt  it  h  tiot  f be  n^iion^  prefierly  speftklng^ 
but  the  fld,  itittt  #e  dp«ak  <if.  In  lik«  fflaHtntf^  tbe  At^kftt 
«r  a  iiiMhbflfed  (icr^fcr  atn  be  t6tetitei  only  iik  tbe  etfiiet 

pi'Odiiced. 

7.  A  iHtftt  i«  tat  sftid  t^  Act  iiikles^  b^  {H^uces  B^m« 
eflf^M.  Tbovght  l8  tbe  act  bf  tbe  tbiiiking  pritieiple  i 
ttidticm  of  tbe  limb  h  the  act  of  tbe  fifiiid  on  It*  In  me>. 
ebdAids,  ^bo,  there  h  aetioil  only  in  so  fat  as  tbeife  is  me^ 
cbailidid  effect  proddeed.  I  tntrst  ft«t  tridtotilly  ill  dfder  i6 
begin  motion  on  a  slide :  I  mutft  exett  foree^  and  this  foree 
eicefted  produces  motion.  I  conceive  tbe  prodttotion  of 
motion,  in  all  cases,  as  tbe  exertion  of  force ;  but  it  re*> 
t^Mites  no  exertion  to  continue  tbe  motioti  along  the  slide ; 
1  am  conscious  of  iiofie,  therefore  I  oiigbt  to  infer  that  no 
force  is  necessary  for  the  continuation  of  any  motion.  The 
continuation  Of  motion  is  n<>t  tbe  production  of  any  new 
eife<:t,  but  tbe  permanettcy  of  an  eflTeet  already  pn^tueed. 
rWe  indeed  considet*  motioti  its  tbe  eflTeet  of  an  action ;  but 
there  would  be  no  effeet  if  the  body  Were  Hot  moving. 
iMbtlou  is  not  the  action,  but  the  effect  of  the  action. 

8.  Me<^hanlcal  actions  have  been  usually  cleissed  under 
two  hends  I  they  are  either  Pites^suaBs  or  iMPUtsiONS. 
't'hey  are  generally  considered  as  of  diitetent  kinds ;  the 
exertions  of  different  powers.  PaestiVRB  is  supposed  to 
differ  essentially  from  IttPutsK. 

Instead  of  attempting  to  define,  m*  describe,  these  two 
kinds  of  forces  aud  actions,  We  shall  just  mention  some 
instances.  This  will  gire  us  all  the  knowledge  of  their 
distlActiohs  thiit  we  can  acquire. 

When  a  ball  lies  on  a  table,  and  I  press  it  gently  on  one 
side,  it  moves  toward  tbe  other  side  of  the  table.  If  I 
follow  it  With  my  finger,  Contiituing  my  pressure,  it  ac- 
celerates continually  in  its  motion.  In  like  manner,  when 
1  press  ou  the  handle  of  la  common  kitchen  jack,  the  fly 


hgm  to  mo?e  If  I  owUp«|tt  (o  ixFg9  ^  f^^t^  ^9Wd:  t|if 
jiAodle,  the  fly  aci^l^n^  «oii(hmi»U7s  i^nd  m^y  \m  bro^gM^ 
JBto  a  Btite  pf  vfry  mpid  motioq.  Tbeiie  n^icw  Are  th^ 
effects  of  gewip^  prewH^e-  Tbe  b^ll  woul4  be  urg^ 
doQg  the  tehle  in  d)e  Aafoa  ifiamerf  end  with  e  motion 
ooatinuelly  $ixa?Ieretedi  by  the  unbeivl'QS  ^  ^  ^prjuoif. 
Also,  a  spring  coiled  up  rpimd  tbe  Mi»  of  th/ei  handle  of 
the  jack  wouMt  by  mH^oiliiig  itself,  urge  rouud  the  fly 
with  a  motion  aoceleraUiig  io  tbe  aame  W4ijr  Tbe  loor^ 
I  reflect  on  *  the  jNresfure  of  my  finger  oo  the  bell*  and 
coiiH[Mre  it  with  the  ^fpttt  of  tbe  spring  on  U,  tbe  morp 
clearly  do  I  tee  tbe  perfect  similarity ;  end  I  call  tb^i^ 
.influeoeesi  e^ertuMu,  or  actions,  by  oae  neme^  {^aa9svAs, 
token  from  tbe  most  familiAr  iostaoee  of  tbemt 

As$ioa  tbe  Tory  seme  motion  may  b^  produced  in  th^ 
ball  pr  fly,  bf  puUi^g  the  hirfl  or  the  machine  by  ^eajo^ 
jpf  a  tfarea4>  tp  which  a  weight  is  sui^uded-  49  both 
.are  motions  aceelenrted  in  the  m^  leaner,  J  ^call  tbp 
influence  or  action  of  tb^  thread  on  the  ball  or  macbiue  by 
Uie  ^9fw  iiame  PaEisyaJR,  a^d  Wbiopt  is  cop^iderfd  as  a 
pressing  power.  Indeed,  I  €^l  tbe  same  compre^sioo  from 
tbe  real  pressure  irf*  a  men  on  uif  sheuldem,  th^  |  wouM 
fed  fipm  e  load  laid  on  tbem.  But  tbe  wepgltf  in  pur  ex- 
ample is  acting  by  the  iuterveation  of  tb^  thread*  By  ?M 
pressure,  it  is  puUiag  et  th«A  p^rt  of  the  tb^ted  to  wbicix 
it  is  fe^tfued;  this  port  19  puUing  at  tbe  ^^t.by  jqwans  tf 
the  force  of  cohesion ;  and  tfajU  pulls  al:  ^  third,,  and  aq 
Of],  till  tbe  most  renaote  pu)k  fa  tb^  biftll  or  tb«  fr^f^m- 
Thus  may  elasticity,  weight,  oobesiop,  apd  otJ^ir  fprices, 
perform  the  oflh^e  of  a  gf^nuino  poa^er ;  and  sjv^e  their  r^ 
salt  is  always  a  motion  beKiaqing  firom  wtbiugs  a^d  ao- 
eelerating  by  pere0ptible  de^^^s  to  any  ve)of(^y,  ^  f^ 
scmbiaiice  omkes  us  eaU  thtfm  by  o^e  fan>i|iar  narne^ 

But  farther,  I  see  that  if  the  timud  be  cut,  tiae  weight  wJU 
fall  with  en  eccelemted  motion,  which  witt  Mierease  to  A«iy 
degree^  if  the  length  of  thre  fall  bo  gr#gt  #poiigb.  I  a^mhe 
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this  also  lo  ft  pressing  power  acting  on  the  weight  Nay^ 
after  a  very  little  refinement,  I  consider  this  power  as  the 
causeof  the  body^s  weight ;  which  word  is  but  a  distinguish- 
ing name  for  this  particular  instance  of  pressing  power. 
Gravitation  is  therefore  added  to  the  list  of  pressures; 
and,  for  similar  reasons,  the  attractions  and  repulsions  of 
magnets  or  electi^ie  bodies  may  be  added  to  the  list ;  for 
they  produce  actual  compressions  of  bodies  placed  between 
them,  and  they  produce  motions  gradually  accelerated, 
precisely  as  gravitation  does.  Therefore  all  the^e  powers 
may  be  distinguished  by  this  descriptive  name  pressures^ 
which,  in  strict  language,  belongs  to  one  of  them  only. 

Several  writers,  however,  subdivide  this  great  class  into 
pressions  and  solicitations.  Gravity  is  a  solicitation  ah 
txiraj  by  which  a  body  is  urged  downward.  In  like  man- 
ner, the  forces  of  magnetism  and  electricity,  and  a  vast 
variety  of  other  attractions  and  repulsions,  are  called  «o- 
licUaiiowA,  We  see  little  use  for  this  distinction,  and  the 
term  is  too  like  an  affection  of  mind. 

9.  Impulsion  is  exhibited  when  a  ball  in  motion  puts 
another  ball  into  motion  by  hitting,  or  (to  speak  metapho- 
rically) by  striking  it.  The  appearances  here  are  very  dif- 
ferent. The  body  that  is  struck  acquires,  in  the  instant 
of  impulse,  a  sensible  quantity  of  motion,  and  sometimes 
a  very  rapid  motion.  This  motion  is  neither  accelerated 
nor  retarded  after  the  stroke,  unless  it  be  affected  by  some 
other  force.  It  is  also  remarked,  that  the  rapidity  of  the 
motion  depends,  inJUr  alioj  on  the  previous  velocity  of  the 
striking  body.  For  instance,  if  a  clay  ball,  moving  with  any 
velocity,  strike  another  equal  ball  which  is  at  rest,  the  struck 
ball  moves  with  half  the  velocity  of  the  other.  And  it  is 
further  remarkable,  that  the  striking  body  always  loses  as 
much  motion  as  the  struck  body  gains.  Thb  universal 
and  remarkable  fact  seems  to  have  given  rise  to  a  confused 
or  indistinct  notion  of  a  sort  of  transference  of  motion 
from  one  body  to  another.    The  phraseology  in  general 
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use  on  tbls  sobject  expresses  this  in  the  most  precise  terma* 
The  one  hall  is  not  said  to  cause  or  produce  motion  in  the 
other,  but  to  ccmmumeate  motion  to  it ;  and  the  whole 
phenomenon  is  called  the  eommunicaiion  cf  motion.  We 
call  this  an  intKsttnd  notion;  for  surely  no  one  will  say  thi^jt 
he  has  a  clear  conception  of  it.  We  can  form  the  most 
distinct  notion  of  the  communication  of  heat,  or  of  the 
cause  of  heat ;  of  the  communication  of  saltness,  sweet- 
ness, and  a  thousand  other  things ;  but  we  cannot  conceive 
how  part  of  that  identical  motion  which  was  frnmerlj  in 
A,  is  now  infused  into  B,  being  given  up  hj  A.  It  is  ia 
our  attempt  to  form  this  notion  that  we  find  that  motion 
is  aot  a  tking^  not  a  substance  which  can  exist  independ- 
ently, and  is  susceptible  of  actual  transference.  It  ap- 
pears in  this  case  to  be  a  state,  or  condition,  or  mode  of 
existence,  of  which  bodies  are  susceptible,  which  is  pro- 
ducible, or  (to  speak  without  metaphor)  causable,  in  bo- 
dies, and  which  is  the  effect  and  characteristic  of  certain 
natui'al  qualities,  properties,  or  powers.  We  are  anxious 
to  have  our  readers  impressed  with  clear  and  precise  no- 
tions on  this  subject,  being  confident  that  such,  and  only 
such,  will  carry  them  through  some  intricate  paths  of 
mechanical  and  philosophical  research. 

10.  The  remarkable  circumstance  in  this  phenomenon 
is,  that  a  rapid  motion,  which  requires  for  the  efiTecting 
it  the  action  of  a  pressing  power,  continued  for  a  sensible, 
and  frequently  a  long  time,  seems  to  be  effected  in  an  in- 
stant by  impulsion.  This  has  tended  much  to  support  the 
notion  of  the  actual  transference  of  something  formerly 
jXMsessed  exclusivicly  by  the  striking  body,  inhering  in  it, 
but  separable,  and  now  transfused,  into  the  body  stricken. 
And  now  room  is  found  for  the  employment  of  metaphor, 
both  in  thought  and  language.  The  striking  body  affects 
the  body  which  it  thus  impels :  It  therefore  possesses  the 
power  of  impulsion,  that  is»  of  comnmnicating  motion.  It 
possesses  it  only  while  it  is  ki  motion.    This  power,  there*. 
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lore,  ii  the  effieient  distuiguuliiBg  ea«M  of  ite  motiaii, 
•nd  its  only  oflke  must  be  ih9  contimiatiott  of  tlik  motton. 
It  is  therefore  called  the  iNnjiiiBiiT  voBe«»  the  fooce  inh^ 
rent  in  a  moTiog  bodj,  tis  imuta  eorpori  wnoio.  Thk  force 
is  transfused  into  the  bodj  impelled ;  end  th^rffire  the 
irmisfefeBoe  is  instantaneous,  and  the  impelled  bodj  coo- 
iinues  its  motion  tQl  it  is  changed  bj  some  other  action, 
jyi  this  is  at  first  sight  verj  plausible ;  but  a  scmpulous 
attention  to  those  feelings  which  have  given  rise  to  this 
ssetapborical  conception,  should  have  prodnocd  very  dif- 
ferent notions.  1  am  conscious  of  exertion  in  order  to  be- 
gin motion  on  a  slide;  but  if  the  ice  be  very  smooth,  I 
.am  conscious  of  no  exertion  in  order  to  slide  along.  My 
^wer  is,  Mi  only  while  I  am  conscious  of  exerting  it: 
Therefore  I  hare  no  primitive  feeling  or  noti^m  of  power 
^hile  I  am  sliding  along*  I  am  certain  that  no  exertion 
4)f  power  is  necessary  here.  Nay,  I  find  that  I  cannot 
ihittk  of  my  moving  forward  without  eflSbrt  otherwise  than 
as  a  certain  mode  of  my  existence.  Yet  we  imagine  that 
4fae  partisans  of  this  opinion  did  really  deduce  it  in  some 
ahi^  from  their  feelings.  We  must  continue  the  emrtioH 
flf  walking  in  order  to  walk  on ;  ouc  power  of  walking 
must  be  continually  exerted,  otherwise  we  shall  stop.  But 
this  is  a  very  imperfect,  incomplete,  and  careless  observa- 
tion. Walking  is  much  more  than  mere  continuance  in 
progressive  motion.  It  is  a  continually  repeated  lifting 
o«tr  body  up  a  small  height,  and  allowing  it  to  come  down 
again.    This  renewed  ascent  requires  repeated  exertioa. 

11.  We  have  other  observations  of  importance  yet  to 
make  on  this  force  of  mnying  bodies,  but  this  b  not  the 
most  proper  occasion.  Meanwhile  we  must  remark,  that 
the  instantaneous  production  of  rapid  motion  by  impulse 
'has  induced  the  first  mechanicians  of  Euri^  to  maintain^ 
that  the  power  or  force  of  impulse  is  unsusceptible  of  any 
oomparison  with  a  pressing  power.  They  have  asserted, 
that  impulse  is  infinitely  great  when  compared  with  pre^ 
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Mit ;  nol  necdbdifig  that  they  held  them  to  be  tbingt 
totally  diffNnrflte,  that  ba^e  no  propcrtioB  laore  tlirn 
waigbt  and  awealMta.  But  these  gentlemeo  ate  perpeta^ 
ally  eatioad  away  from  their  creed  hj  the  iimilarity  of  the 
nUimate  results  of  pressure  and  impulse.  No  person  can 
fiad  aaiy  diffaiwiiee  between  the  motios  of  two  balk  mor- 
kig  equaify  swift^  in  the  same  direction,  one  of  which  it 
desoanding  by  gravity,  and  the  other  haa  derired  its  mo- 
ttoB  from  a  blow.  This  struggle  of  the  mind  to  maintain 
its  faitb^  and  yet  aoeommodate  its  doctrines  to  what  we 
aee^  has  oceasioiied  some  other  eurious  forms  of  express 
•iott.  JhvBSUrf  is  considered  as  an  fgiirt  to  produce  motion. 
When  a  bidl  lies  on  a  tabioi  its  weight,  wUdi  tliey  call  a 
jxnser,  conlinmdiy  and  repeatedly  eaitetiestiri  (mark  the 
metaphorical  word  and  thon|ht)  to  move  the  ball  down* 
ward.  Bnt  these  eiforts  are  ineffectual.  They  say  that 
tba  ineffectual  power  is  ^eod,  and  call  it  a  vis  veaTOA :  but 
the  foite  of  in^mlsion  is  called  a  via  viva,  a  living  force, 
Bui  this  is  very  whimsical  and  very  inaccurate*  If  the 
impelling  ball  falls  perpendicularly  on  the  other  lying  on 
the  table)  it  will  produce  no  motion  any  more  than  gra- 
irity  will ;  and  if  the  table  be  annihilated,  gravity  becomes 
a  vu  viva. 

'  We  must  now  add,  that^  in  order  to  prove  that  impulse 
IS  infinitely  greater  than  pressure,  these  mechanicians  turn 
<our  attention  to  many  familiar  facts  which  plead  strongly 
in  their  fkvour,  A  carpenter  will  drive  a  nail  into  a  bourd 
with  a  very  moderate  blow  of  his  hammer.  This  will  r&. 
quire  a  pressure  which  seems  many  handred  times  greater 
than  the  impelling  eflbrt  of  the  carpenter.  A  very  mode^. 
i«te  Mow  will  shiver  into  pieces  a  diamond  which  would 
oerry  the  weight  of  a  mountain.  Seeing  this  prodigious 
superiority  in  the  impulse,  how  shall  they  account  for  the 
prodttdion  of  motion  by  means  of  pressure  ?  for  this  mo- 
ttion  of  the  hammer  might  have  been  acquired  by  its  fall^ 
ing  from  a  height ;  nay^  it  ii  aetualiy  acquired  by  meami 
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of  the  continued  prtoure  of  the  carpenter^s  arm.  Thejr 
eonsider  it  as  the  aggregate  of  an  infinity  of  sueceeding 
pressures  in  every  instant  of  its  ccmtinuance,  so  that  tlie 
insignificant  smalhiess  of  each  effort  u  compensated  by 
their  inomoeirabie  number. 

On  the  whole,  we  do  not  think  that  there  is  clear  eiri« 
denoe  that  there  are  two  kinds  of  mechanical  force  essen- 
tially different  in  their  nature.  It  is  virtually  given  up  by 
those  who  say  that  impulse  is  infinitely  greater  than  pres-^ 
sure.  Nor  is  there  any  considerable  advantage  to  be  ob^ 
tained  by  arranging  the,  phraomenon  under  those  two 
heads.  We  may  perhaps  find  some  method  of  explaining 
satisfactorily  the  remarkable  difference  that  is  really  ob» 
served  in  the  two  modes  of  producing  moticp ;  namely^ 
the  gradual  production  of  motion  by  acknowlec^ed  pres- 
sure, and  the  instantaneous  production  of  it  by  impulse* 
Jndeed,  we  should  not  have  taken  up  so  much  of  our  read- 
ers attention  with  this  subject,  had  it  not  been  for  some 
inferences  that  have  been  made  from  these  premises,  which 
meet  us  in  our  very  entry  on  the  consideration  of  first 
principles,  and  that  are  of  extensive  influence  on  the  whole 
science  of  mechanical  philosophy,  and,  indeed,  on  the  wbote 
study  of  nature. 

IS.  Mec^ianicians  are  greatly  divided  in  their  opinion 
about  the  nature  of  the  sole  moving  force  in  nature.  Those 
whom  we  are  now  speaking  of,  seem  to  think  that  all  mo* 
tion  is  produced  by  pressure:  For  when  they  consider 
impulse  as  equivalent  to  the  aggregate  of  an  infinity  of 
repeated  pressures,  they  undoubtedly  suppose  any  pressure 
however  insignificant,  as  a  moving  force.  But  there  is  a^ 
party,  both  numerous  and  respectable,  who  maintain  that 
mulipsion  is  the  sole  cause  of  motion.  We  see  bodies  ip 
motion,  say  they,  and  we  see  them  impel  others ;  and  we 
see  that  this  production  of  motion  b  regulated  by  such 
laws,  that  there  is  but  one  absolute  quantity  of  motion  ip 
the  universe  which  remains  unalterably  the  same*    It  must 


dierefere  be  tniBsfined  in  ike  ac|i  of  coUisioii.*  We  also 
see,  Witb  clear  tsvid^nee,  in  som^  cases,  that  motkm  can 
produce  f^eamwdi  vEuler  addtices  some  rerj  whimsioal 
and  complicated  cases,  in  which  an  action,  precisely  simi-i 
lar  to  pressure,  maj  be  prodaced  bj  motion.  Thus,  two 
bails  connected  bj  a  thread,  Inajr  be  so  fltrack  that  they 
shail  move  forward,  and  at  the  same  time  wheel  round. 
In  this  case  the  connecting  thread  wiU  be  stretched  between* 
them.  Now,  saj  the  philosophers,  since  we  see  oiotion, 
and  see  that  pressure  may  be  produced  by  motion,  it  is 
preposterous  to  imagine  that  it  is  any  thing  else  than  a  re- 
sult of  certain  motions ;  and  it  is  the  business  of  a  philoso- 
pher to  inquire  and  discover  what  motions  produce  the 
pressures  that  we  observe. 

They  then  proceed  to  account,  for  those  pressing  pow« 
ers,  or  solicitations  to  motion,  which-  we  observe  in  the 
acceleration  of  IhlHlig  bodies,  the  attractions  of  magnetism 
and  electricity,  and  many  other  phenomena  of  this  kind, 
where  bodies  are  put  in  motion  by  the  vicinity  of  other 
bodies,  or  (in  the  popular  language)  by  the  ait^tion  of  other 
bodies  at  a  ^stance.  To  say  that  a  magnet  can  act  on 
a  piece  of  remote  iron,  b  to  say  that  it  can  act  where  it  is 
sot ;  which  is  as  absurd  as  to  say,  that  it  can  act  when 
a  is  noU    NikU  movetwr^  says  Euler,  nisi  a  contigno  et  moto. 

The  bulk  of  these  philosophers  are  not  very  anxious 
about  the  way  in  which  these  motions  are  produced,  nor 
do  Uiey  &!!  upon  such  ingenious  methods  of  producing 
pressure  as  the  one  already  mentioned,  which  was  adduced 
by  Euler«  Thfe  piefce  of  iron,  say  they,  is  put  in  motion 
when  brought  into  the  neighbourhood  of  a  magnet,  because 
there  is  a  stream  of  fluid  issuing  from  one  pole  of  the  mag- 
net, which  circles  round  the  magnet,  and  enters  at  the 
other  pole :  This  stream  impels  the  iron,  and  arranges  it 
-in  certain  determined  positions,  just  as  a  stream  of  tvater 
would  arrange  the  flote  grass.  In  the  same  manner,  there 
4s  a  stream  of  fluid  continually  moving  towards  the  centre- 
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«f  tbe  e$rth»  wbich  impab  »U  Mfiei  m  liMS  (]»er|HSiubciil«r 
to  (he  fucbce ;  and  flo<»r  wkb  f#gard  to  other  Mte  pheiiON» 
nean.  Thete  motioiM  are  thus  red«ioe4  to  viery  mmfle  euee 
by  Unptikioo. 

U  is  tinnec080arf  to  refiite  thid  doctcui^  »t  {ireMiit ;  it  ti 
caoiigh  tbot  it  ii  comUrmry  to  ati  the  dietaiei  «f  covimoii 
8eii«e»  to  ffyp««e  an  ifent  thnt  ftre  do  not  see^  and  for 
wbo0e  eaditeoee  w€i  hev<e  sot  die  imeUe^  mtg^maii ;  trkk 
^Hftl  preprietjr  we  tnight  ewppoie  ■rfnifterinf  «piril0,  or 
•nj  thiog  liiat  ure  fhme* 

13..  Other  philOMiphers  :aine  eo  iiiMttif  ed  with  thif  mm 
tioB  of  the  pnoduetjon  •df  preMmre,  ttwt  thejr,  mo.  the  othir 
hasd,  aS^  that  pressiutt  is  the  only  tmving  tatct  in  ■o»> 
ture ;  not  according  to  the  populfttr  aolioii  of  piieiaiiitt»  hf 
the  nmtul  contact  of  $otid  bodie0»  bit  tfait  hiod  of  ipres^ 
gme  which  ho6  heen  called  mlipiki^i^n ;  mtk  aa  the  powtr 
of  graritj*  Thej  affim,  Ibat  there  m  oo  f«eh  tMog  m 
oontact  oo  ipitantooooud  pommmkMi^f^  lef  anotkii  hjr  tari 
coUisioa.  Thef  ^  <and  thejr  pnoTe  it  bj  w«Ff  eomim^ 
iog  facts)  that  the  particles  c£  wUd  bodies  evert  irer^ 
strong  rcy^Milsioils  to  a  smaU  dietwe^  $  And  Itorefope^  whm 
thejr  ^t  broMgbt  hf  motkNi  auScimitly  Mor  to  aioother 
bodjy  they  repel  it»  and  are  equally  n^elled  hf  it  Thue 
is  motion  prodiiced  in  ^  oth^  body,  aod  their  pw»  moh 
tion  is  diminished.  And  they  lihen  dieur^  by  a  aclnipiilous 
consideration  jof  the  atate  of  the  hodies  mrhile  the  ooe  ia 
advancing  and  the  other  retiring,  |b  what  maaner  the  tw^o 
bodies  attain  a  common  vdoeity,  so  that  Ibe  quaatitj 
of  motion  before  ooiUsion  romains  oaehanged,  the  one 
body  gaining  as  much  as  the  o&er  loses*  Thl^  also  shew 
cases  of  such  mittuai  a^ioa  betweea  bodies,  w<here  it  Sa 
evident  that  tbey  have  never  Qoaue  h»to  cootaet ;  and  y«t 
the  result  has  been  precisely  suniiar  to  those  eases  wh^se 
the  motion  .^ppeared  to  be  changed  in  an  untaat.  There- 
fore they  conclude,  that  there  is  no  such  thiag  as  imntaiti 
taneous  commumcati^n,  or  transfusiein  of  motion,  by  eoB- 


iMet  Itt  colfiMott  or  in^ulse.  Tbe*  reason  wkj  previotM 
MMkm  of  thte  iMpellifig  liody  it  secessaiy,  is  Bot  tlmt  it 
tttty  biM  «  «u  uhAiii  ««fpm  fifoCo,  a  force  inherent  in  it  Ayr 
its  being  in  motion,  but  that  it  may  continne  to  follow  the 
tttqpcHed  «iid  rtftiring  tnidy,  and  €2teit  on  it  a  farce  inhe- 
MKt  m  itseUT^  whother  in  motion  or  at  iiest.-^Accorditig  to 
4beifr  piiihMOplnnk,  therofete,  all  naoving  forces  are  of  tiiat 
iMMl  iffciah  haa  teeii  named  stdiekation ;  mth  as  grmty. 
We  shall  know  il  alPterwards  by  tiie  more  famiKar  and  dei. 
acriptif«  name  of  AccEUtikAtmo  or  RcTAiinciia  force. 

14u  The  enseMianiB  «f  mechanical  forces  are  dififerenCly 
ierme4>  aeoMding  lo  lh«  reference  that  wc  make  to  Ate 
tttmlt  If)  Jn  h^dng  or  wrestling)  I  strike,  or  ^ndearour 
%o  throw  my  anta^nislt  I  am  said  to  act  ;  bnt  if  f  onty 
f  ivry  his  Maws>  or  pre^reM;  Inm  from  throwing  me,  t  am 
naii  lo  nmmc.  This  disilincftioti  is  applied  to  the  exertions 
^  neehanioal  fiowers«  When  one  body  A  changes  the 
motion  of  another  B,  we  may  -comider  the  change  in  th^ 
m(^lidA  of  ll  either  as  the  indication  and  measnre  of  AS 
^ftmer  <sf  producing  miartion,  or  as  the  indication  and  mea- 
%m^  in  A^8  reMlasnce  to  iSie  being  bronght  to  rert,  or  faar- 
wg  ks  nvinion  -Binj  how  cfaangtsd.  l%e  distinction  is  not 
in  ^be  thing  9tael^  but  only  in  tbe  reference  that  we  are 
^iifiosed,  by  other  considerations,  to  make  of  its  effect. 
They  may  be  distinguisbed  fat  the  following  manner :  If  a 
"^iionge  of  motion  follow  when  one  of  the  powers  ceases  to 
baeserted,  thirt;  power  iscenceived  as  having  resisted.  The 
wbole  language  on  ibis  subject  is  metaphorical.  Resist- 
40m^  "efibrt,  endcai^our,  &c.  are  words  wfaicb  cannot  be 
«top1oy-ed  in  mechanic^  discussions  without  figure,  because 
lliey  all  express  nbtioas  which  rehAe  to  sentient  beings  i 
mid  ibe  lingnarded  mdnlgence  of  this  figuratrte  language 
ten  so  mnch  sffiecHed  tiie  imagination  of  philosophers,  that 
tmaiy  have  almost  miinmled  idl  matter.  Peibaps  the  worA 
Jlaaorwn,  iiftfoduced  (we  think)  by  Newton,  is  the  be^ 
iei!m  for  etpreasing  that  mutual  force  whic;li  is  perceiTefl 
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in  all  the  operations  of  nature  that  we  have  klTestijgated 
with  success.  As  the  magnet  attracts  iron,  and  in  sO  dn^ 
ing  is  said  to  oc^  on  it ;  so  the  iron  attracts  the  magnet^ 
and  maj  be  said  to  react  on  it. 

15.  With  respect  to  the  difficulty  thltt  has  been  object- 
ed to  the  opinion  of  those  who  maintain  thilt  all  the  me»> 
cbanical  phenomena  are  produced  by  the  agency  of  at- 
tracting or  repelling  forces;  namely,  that  Ihb  gappoM$ 
.the  bodies  to  act  on  each  other  at  a  distance,  however 
small  those  distances  may  be,  which  is  thought  to  be  ab- 
Bord,  it  may  be  observed^  that  we  may  aacribe  the  matual 
approaches  or  recesses  to  tendencies  to  or  from  each  othei:. 
What  we  call  tkt  attr actum  of  tht  magnet  may  be  Considered 
as  a  tendency  of  the  iron  to  the  magnet^  aomewhat  similar 
to  the  gravitation  of  a  stone  toward  the  earth.  We  surfr* 
ly  (at  least  the  unlearned)  can  and  do  conceive  die  iron  to" 
be  affected  by  the  magnet,  wiUuml  thinking  of  any  inter«- 
medium.  The  thing  is  iiot  therefore  inconceivable ;  whicli 
is  all  that  we  know  about  absurdity :  and  we  do  not  know 
any  thing  about  the  nature  or  essence  of  matter  which 
renders  this  tendency  to  the  magnet  impossible.  That  wa 
do  not  see  intuitively  any  reason  why  the  iron  should  api- 
proach  the  magnet,  must  be  granied;  but  this  is  not 
enough  to  entitle  us  to  say,  that  such  a  thing  is  impossibie 
or  inconsistent  with  the  nature  of  matter.  It  appeanr, 
therefore,  to  be  very  hasty  and  unwarrantable,  to  sup- 
pose the  impulse  of  an  invisible  fluid,  of  which  we  knovf 
nothing,  and  of  the  existence  of  which  we  have  no  proof. 
Nay,  if  it  be  true  that  bodies  do  not  cimie  into  contact, 
even  when  one  ball  hits  another,  and  drives  it  before  it^ 
this  ittvbible  fluid  will  not  solve  the  difficulty;  because 
the  same  difficulty  occurs  in  the  action  of  any  particle  of 
the  fluid  on  the  body.  We  are  obliged  to  say,  that,  the 
production  of  motion  without  any  observed  contact,  is  a 
much  more  familiar  phenomenon  than  the  production  of 
motion  by  impulsion.    More  motion  has  been  prodoced  im 
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thm  way  fay  tlK  gfsvitaitkiB  of  m  tuftll  il^ift  of  wnttr,- 
ranniDg  dver  mom  the  cmtftioB^  ilum  hj  aH  the  iiipiilMi 
IB  tke  wurM  twioi  cold.    We  do  not  ntaa  by  thU  to  ioy^ 
Ihot  Urn  giTing  to  Ulis  uhiu'i'id  motooi  nlatioa  between 
iron  nod  n  hmdrtoM  the  nnine  ttmiemgf  makes  it  li$s  ob-i 
iwd,  than  when  we  ulj  that  the  hNidstone  nttroiU  th« 
kon ;  it  oiri^f  makee  it  nunre  eonoeirablo :   It  eoggeits  O 
wj  teuliar  analogy :  but  both  are  eqoaftjr  figvtotite  eiu 
imniooe ;  at  leaet  aa  the  word  tendencif  it  n^ed  at  pre^  . 
ent    In  the  bngui^  of  ancient  Raoie,  tbei«  wot  M 
metaphor  when  VtrgB^s  hero  sahl,  Tmdiim$  itW  iottaai. 
TVndfne  eersnv  mkm  means^  m  pfaun  Latin,  to  dfftMgk 
U^mm^    The  lafe  way  of  eoncaivn^  the  whole  k  to  say, 
thnt  the  conditian  of  the  iioo  depends  on  the  Tioinity  of 
tbo  nngnet. 

1ft.  When  the  ecMrtione  of  a  mechanUnl  power  are  ob» 
eenred  to  be  alwnye  diverted  toward  a  body,  that  body  ii 
said  to  atUact ;  but  when  the  other  bocfy  always  moree  ^ 
off  fimm  if,  it  is'fakl  to  npeL  These  abo  are  metapho* 
mnl  espreariont.  I  atftraet  a  boat  when  I  poD  it  toward 
<  ttM  by  a  rape  (  this  is  poidy  Attraovioii  i  and  ft  is  pure, 
nnfignnttive  RarainsDn,  when  I  push  any  body  from  me^ 
The  same  words  are  applied  to  the  mechanical  phenomena, 
osaratf  heeansn  they  resemUe  the  results  of  feal  attrae«> 
tieia  or  repnfeion..  We  muet  be  much  oil  our  guard  to 
avoid  saetsphea  in  onr  conceptions,  and  never  allow  thoe6 
words  to  snggeet  to  our  mind  any  opinion  about  the  eio»- 
I  nsr  hi  wliioh  the  mechanical  forces  produce  their  elfiBCtS; 

tt  ia  plain,  that  if  the  opinion  of  thos^  who  maintain 
the  eaistMco  and  action  of  the  ahore  menthnied  intisiMs 
ihdd  ha  Juit,  there  is  nothing  like  attraction  or  repukion 
In  the  nnirerae%  We  must  always  recur  to  the  simple  ph6- 
namcnon,  the  motian  to  or  from  the  attracting  or  repeU 
Ibg  body ;  for  this  is  all  we  see,  and  generally  all  that 
wseknow. 
IT.  We  cowceNo  CM  mail  to  hafe  twice  ihe  Jts ength  of 
toih  I.  n 
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anotlier  niaiiy  when  we  see  that  he  can  withstand  the  united 
effort  of  two  others.  Thus  animal  force  is.  coneeired  as 
a  quantity,  made  up  of»  and  measured  hy^  its.  own  parts. 
But  we.  doubt  exceedingly  whether  this  be  an  accurate 
conception.  Wis  have  not  a  distinct  notion  of  one  strain 
added  to  another;  though  we  have  of  their,  being  joined 
or  combined.  We  want  words  to.  express  the.  difference 
of  these  twoooiions  in  our  own  minds;  but  we  imagine 
that  others  pencaiw  the.  same,  difierence.  We  conceive 
clearly  the  addition  of  two  lines  or  of  two  minutes ;  we 
can  conceive  them  apart,  and  perceive  'their  boundaries^ 
eommon  to  both,  where  one  ends  and  the  other  begins^ 
We  cannot  conceive  thus  of  two  forces  combined ;  yet  we 
eannot  say,  that  two  equal  forces  are  not  double  of  one  of 
them.  We  measure  them  by  the  effects  which  they  are 
known  to  produce.  Yet  there  are  not  wanting  many  cases 
where  the  action  of  two  men,  equally  strong,  does  not 
produce  a  double  motion. 

In  like  manner,  we  conceive  all  mechanical  forces  as 
measurable  by  their  effects ;  and  thus  they  are  made  the 
subjects  of  mathematical  discussion.  We  talk  of  the  pro- 
portions of  gravity,  magnetism,  electricity,  be ;  nay,  we 
talk  of  the  proportion  of  gravity  to  magnetism  :•— Yet 
thesCy  considered  in  themselves,  are  disparate  and  do  not 
admit  of  any  proportion ;  but  they  produce  effects,  some 
of  which  are  measurable,  and  whose  assumed  measures 
are  susceptible  of  comparison,  being  quantities  of  the 
same  kind.  Thus,  one  of  the  effects  of  gravity  is  the 
acceleration  of  motion  in  a  falling  body ;  magnetism  will 
also  accelerate  the  motion  of  a  piece  of  iron ;  these  two 
accelerations  are  comparable.  But  we  cannot  compare 
magnetism  with  heat;  because  we  do  not  know  any  mea* 
surable  effects  of  magnetism  that  are  of  the  same  kind 
with  any  effects  of  heat. 

When  \7#  say,  that  the  gravitation  of  the  moon  is  the 
3600th  part  of  the  gravitation  at  the  aeanihore,^  we  mean 
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that  tU  fflll  of  a  stone  in  a  lecohd  is  SMOtiiiies  greater: 
than  the  fall  of  the  moon  in  the  same  time.  -  Blit  we  also* 
mean  (and  this  expresses  the  proportion  bf  the  tendenq^ 
of  gravitation  more  potely),  that  if  a  stoile^  when^  hung 
on  a  spring  steelyard,  drkw  out  the  rod  of  the  steeljrard 
lo  the  mark  3600,  the  same  stone, ;  taken  up  to  the  dis«' 
tance  of  the  moon^  will  draw  itovl  nd  further,  than  thr 
IttaHc  h  'We  also  mean,  that  if  the  stone  at. the  sea-* 
shore  draw  oat  the  rod  to  a&y  iftiaik>  it  wiU  r^uire  SflOfr 
such  stones  to  draw  it  oht  to  that  Inark^  when  the  triU  ir 
Hiade  at  tibe*  distance  .of  the  moon.  *  It  is  iiot^ .  thefefofc^ 
ifi  consecpience  of  anj  itnmedmic  perception  df  the  pr»* 
portion  of.  the  gravitatidn  atthemoon  t6*that  lit  the  snlw 
fiaee  of  the* earth  that  we  asake  sdch  an  assertion;  but 
tbese  motiods,  whi^  we  consider  as  its  eiibcts  in  these 
situatiotts^  bdag  magnitudes  of  the  same  kind,  are  sos^* 
eeptihle  df  oompariaon^  and  have  a  proportion  whidi  can 
be  ascertained  hy  observation.    It  is  these  proportions 
that:  we  oontempiate;  althoiigh  w^  speak  of  t|/be  propor* 
tions  of  the  unseen  causes,  the  forces^  or  etodeavours  to  de«i 
aoend^    It  will  be  of  material  service  to  the  rekd^io  per^ 
«se  Br  Beid^s  judicious  and  acute  dissertation  on  qiomtiiif  in 
the  45th  volume  of  the  Philosophical  Transactions;  where^ 
jve  trust)  he  will  see  clearlj  how  force^  velocity,  density^ 
Mid  many  other  magnitudes  of  very  frequent  occurrence 
in  OMehaaical  philosophy,  may  be  made  the  sul^eets  of 
mathematical  discussioni  by  means  of  some  of  those  pro- 
per quantities,  in^asurable  by  their  Own  parts^  whicih  are 
to  be  assumed  as  their  measures;    Pressures  are  measur- 
able only  by  pressures;    When  we  consider  them  as  mov- 
ing powers,  we  should  be  able  to  measure  them  by.ajty 
moving  powers,  otherwise  we  cannot  compare  them ; 
therefore  it  is  not  as  pressures  that  we  then  measure  them. 
This  observation  is  momentous* 

One  circumstance  must  be  carefully  attended  to.    That 
those  a^niai^  pleasures t  may  be*  accurate^,  they  must  be 
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ioTftriftUf  oottaeded  with  the  aiagtaitedcs  whicli  ihey  ori 
enploTed  to  meanire^  and  m  eoiiiiaeled»  that  the  degmm^ 
of  the  one  tnmt  ehaiife  w  the  sane  mmier  mth  tke  de^ 
greet  of  the  other,  ms  ie  evident,  end  it  granted  bj  all*. 
Bat  we  inott  alao  knom  ihia  of  die  measore  we  eikiplay  ;• 
we  nuiit  see  this  eonstaat  and  precise  rebtion.  How  eaa 
we  know  this  ?  We  do  not  perceive  force  as  a  separato 
ezietefce,  so  as  to  tee  ita  pfoportions,  and  to  see  that 
itkeak  are  the  same  with  the  proportions  of  the  measures^ 
in  the  same  manner  that  Eaclid  sees  the  peoportions  of 
triangleB  and  those  of  their  bases,  and  that  these  propoiv 
tions  are  the  same^  when,  the  triangles  are  of  equal  al« 
titndes.  How  do  we  diseover  that  to  e?er]r  magnitude 
which  we  call^^iroe  ia  inrariably  attaehed  a  eorrci(KHidisig 
BUignitiide  of  aceeleration  or  deflection?  Clearlj.  Im 
ftc^  the  'very  ezistenoe  of  the  force  is  an  inference  that 
/  we  make  fnmi  the  observed  aeoeleri^aa;  and  the  de« 

giee  of  the  force  is,  in  like  manner,  an  inftrence  from 
the  obaenvd  magnitude  of  the  acceleration.  Our  mea« 
suree  are  therefbre  necessarity  connected  with  the  magni^ 
tndes  >priiich  they-  measure,  and  their  proportions  are  the 
same;  because  thejone  u  always  an  inference  Scorn  the 
oAer,  both  in  species  and  in  degree* 

18.  It  is  now  erident,  that  these  disquisitions  are  sus- 
ceptible of  mathematical  accuracy.  Having  selected  our 
measures,  and  observed  certain  mathematical  relations  of 
those  measures,  every  inference  that  we  can  draw  from 
the  mathematioal  relations  of  the  proportions  of  those 
representations,  is  true  of  the  proportions  of  the  motions, 
and  therefore  of  the  proportions  of  the  forces*  And  thus 
dynamics  becomes  a  demonstrative  science,  one  €»f  the 
discipUtue  aecnrata, 

19.  But  moving  forces  are  considered  as  differing  also 
in  kind ;  that  is,  in  direction.  We  assign  to  the  force 
the  direction  of  the  observed  change  of  motion ;  which  is 
not  only  the  indication,  but  also  the  eharaeteristie,  of 


. 
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HkkdmAfpaagfoatte.  We  caB  Has  oeielertitiHis  r4Ufribigi 
i^drngf  Jbree^  mrcnrimg  m  w^  obienre  the  motioD  t0 
be  aooeienitod^  ntardsd^  or  dflflMnL 
•  TIlMt  dnomiiuidoiid  A^w  ui  inconteithbly  that  w% 
hare  no  faunrladga  of  tke  foroet  different  from  our  knofr* 
hige  of  tbe  effectsw  The  denominationt  are  aH  either 
desbriptivo  of  the  eflbeta»  as  whan  we  call  them  acede^ 
mting,  penatratnigt  pretnuiTe,  attnustiTe,  or  repnlstTe 
AMTces^  or  thej  are  names  of  reference  to  the  substanees 
in  which  the  accelerating,  protrusive,  &c.  forces,  are  sup* 
posed  to  be  inherent,  as  when  we  call  them  magnetism^ 
tkctriciiy^  corpu$cuhirf  &c. 

20.  When  I  wknegj^  with  another,  and  feel,  that  in 
order  to  prerent  being  thrown,  I  must  exert  force,  I  learn 
that  tnj  antagonist  is  exerting  farce.  This  notion  is 
tninsAnred  to  matter;  and  when  a  amving'  pownr  whidi 
ia  kn^mH  to  operate^  prodnces  no  motion,  we  conceive  it 
to  be  opposed  by  another  eqnal  fbrce ;  the  existence,  agen^ 
ejr,  and  intensity  of  whidi  is  detected  and  measored  bj- 
these  meafiB.  "the  qnfosoent  state  of  .the  bodj  is  €on» 
4ered  as  a  ehange  on  the  state  of  things  that  would  haVe 
lieen  exhibited  in  ooose^oence  of  the  known  action  of  one 
power,  bad  this  other  pOwer  not  acted ;  and  this  diange 
Is  considered  as  the  indication^  diaracteristic,  and  me*^ 
sure, .  of  another  power,  detected  in  this  way.  Thus 
forces  are  recognised  not  only  by  the  changes  of  motion 
which  they  produoey  but  also  by  the  changes  of  motion 
which  they  prevent.  The  cohesion  of  matter  in  a  string 
is  inferred  not  only  by  its  giving  motion  to  a  ball  which  I 
pull  towai^d  me  by  its  intervention,  but  also  by  its  ius- 
q^ending  that  ball,  and  hindering  it  from  fidiing.  I  know 
that  grivity  is  acting  on  the  bail,  which,  however,  4o8S 
not  f$ih  The  soli^y  of  a  board  is  eqoally  inferred  from 
its  stBppoig  the  ball  wMch  striket  it,  and  from  the  motion 
4d  the  ball  whkh  it  drives  before  it.  In  this  way  ^ft 
team  that  the  pirticlts  of  UnglMe  matter  cohere  b  j  meana 


at  OTNAMICft 

of  moving  forces,  and  that  they  resist  comprasion  witll 
force;  and  in  making  this  inference,  we  find  that  this 
corpuscular  force  exerted  between  the  particles  is  mutual, 
opposite,  fuid  equal ;  for  we  must  apply  force  equally  to 
«  or  to  A,  in  oknler  to  produce  a  separation  or  a  'compres^ 
feioQ.  We  learn  their  equality,  by  obsenring  that  no  mo* 
tion  ensues  while  these  mutual  forces  are  known  to  act  on 
the  particles ;  that  is,  each  is  opposed  by  another  force, 
irhich  is  neither  inferior  nor  superior  to  \t. 


OP  THB  LAWS  OP  MOTION. 

Such,  then,  being  our  potions  of  mechanical  forces, 
the  causes  of  the  sensible  changes  of  motion,  there  will 
result  certain  consequences  from  them,  which  may  be 
called  axioms,  or  laws,  of  motion.  Some  of  these  may  be 
intuitire,  offering  themselres  to  the  mind  as  soon  as  the 
notions  which  they  involve  are  presented  to  it.  Others 
may  be  as  necessary  results  from  the  relationn  of  these 
notions,  but  may  not  readily  offer  themselves  without  the 
mediation  of  axioms  of  the  first  class.  We  shall  select 
those  which  are  intuitive,  and  may  be  taken  for  the  first 
|irinciples  of  all  discussions  in  mechanical  philosophy. 

FIRST  LAW  or  MOTIOV* 

Pvay  body  continues  in  a  state  of  resty  or  of  umform  rec* 
tilineal  motion^  unkss  affected  by  some  mechanical  force^ 

21.  This  is  a  proposition,  on  the  truth  of  which  the  whole 
fcience  of  mechanical  philosophy  ultimately  depends.  It 
is  therefore  to  be  established  on  the  firmest  foundation;  and 
a  solicitude  on  this  head  is  the  more  justifiable,  because 
the  i^inions  of  philosophers  have  been^  and  still  are,  ex^ 
trevnely  different,  both  with  respect  to  the  truth  oC  this 
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W,  and  with  regpect  to  the  fdnndatioii  (m  #hidi  it  ii 
built.  These  opinions  are,  in  general^  very  obscure  and 
unsatisfactory ;  and)  as  is  natural,  they  influence  the  dis- 
euBsions  of  those  by  whom  they  are  held  through  the 
whole  science.  Although  of  contradictory  opinions  one 
only  can  be  just,  and  it  may  appear  sufficient  that  this  one 

'  be  established  and  uniformly  applied;  yet' a  short  exposi- 
tion, at  least,  of  t6e  rest  is  necessary^  that  the  greatest 
part  of  the  writings  of  the  jdiilosophers  may  be  intelligi- 
ble, and  that  we  may  avail  ourselves  of  much  valuable  in- 
formation contained  in  them,  by  being  able  to  perceive 
the  truth  in  the  midst  of  their  imperfect  or  ernmeous  con- 
ceptions of  it 

•  22.  It  is  not  only  the  popular  opinion  Aat  rest  is  the 
natural  state  of  body,  and  that  motion  is  something  fo- 
reign to  it,  but  it  has  been  seriously  maintained  by  the 
greatest  pari  of  those  who  are  esteemed  philosophers. 
They  readily  grant  that  matter  will  continue  at  rest,  un- 
less some  moving  force  act  upon  it  Nothing  seems  ne« 
cessary  for  matter^s  remaining  where  it  b,  but  its  conti- 
nuing to  exist'  But  it  is  far  otherwise,  say  they,  with 
tespect  to  matter  in  motion.  Here  the  body  is  continual- 
ly changing  its  relations  to  other  things ;  therefore  the 
icontiniial  agency  of  a  changing  cause  is  nficessary  (by  the 
fiindamental  principle  of  all  philosophical  discussion),  for 
-there  is  here  the  continual  production  of  an  effect.    They 

^-aay  that  this  metaphysical  argument  receives  complete 
confirmation  (if  confirmation  of  an  intuitive  truth  be  ne- 
cessary) from  the  most  familiar  observation.  We  see  that 
all  motions,  however  violent,  terminate  in  rest,  and  that 
the  continual  exertion  of  some  force  is  necessary  for  their 
continaance. 

-  23.  These  philosophers  therefore  assert,  that  the  conti- 
-nual  action  of  the  moving  cause  is  essentially  necessary  for 
the  continuance  of  the  motion :  but  they  differ  among 
-themselves  in  their  notions  and  opimona  about  thia  causey 


Some  duiititaiay  tbstaUtlie  m^tkiis  in  the  ttnif  ime  tre 
produced  attd  continued  by  the  iouoediate  agency  of  Deity ;; 
oAert  afBnn^  that  in  every  partkle  of  natter  tkere  ia  in-v 
l»tni  a  aart  tt  mind,  the  f«of  and  'mn^^^e*  of  Ariatotley 
which  they  caH  an  BLsnaKT  Afc  mnn^  which  U  the  aause  oi( 
aB  itfl  motions  and  cshaagee.  An  oterweaning  reverenee^ 
for  Cteaek  learning  has  had  a  gnal  influence  in  i:i9virii|g 
this  doctrine  of  Aristotle,  The  Greek  and  EotnAn  lan^ 
gqagea  are  affirmed  to  be  more  aecaratt  e^pressiona  of 
honum  thoaglit  than  the  modeni  Jangnagea  am>  In  tl\oid 
ancient  languages,  the  yerbs  which  eaprees  ntmtlon  <^^ 
eai|iloyed  iioth  in  the  aetire  and  passive  voice ;  vrhereas 
we  have  only  the  active  verb  to  move,  for  expressing  both 
the  state  of  motion  and  the  act  of  putting  in  motion. 
^^  The  stone  moDct  down  the  slope^  and  atoses  all  the  pdln 
Uei  whidi  lie  in  its  way  :^  but  in  the  ancient  boguages^ 
the  mere  state  of  motion  is  always  ezpresaed  by  the  pas* 
siv«  or  middle  voice.  The  a^urate  ooneeption  of  the 
ipeakcra  is  therefore  eitoUed.  The  state  of  motion  ii 
eiepressed  as  it  ou^^rto  be,  as  the  result  of  a  oontinual 
action.^  Zih/Ihh  nwcetur,  is  equivalent  to  '*  it  is  moved.^ 
According  to  these  philosophers,  every  thing  wbtcb  aieaef 
is  mind,  and  every  thing  that  is  meesd  ia  body. 

The  argument  is  futile,  and  it  is  false ;  tor  the  modem 
lahguages  are,  in  general,  equally  accurate  in  this  iflu> 
ataaee :  **  ss  tmmvnr,^  in  French;  *^J!dk  htwtgm^  in  Gei> 
man ;  ^  ArigaUM^  in  Shivonic;  are  all  passive  or  reflecfr-^ 
ed.  And  the  ancients  said,  that  *^  rain  falls,  water  rum^ 
^  smoke  riaes,"*  just  as  we  do.  The  ingenious  a^uthor  of 
JmAtiU  MUafhytm  has  taken  much  pains  to  give  ns>  at 
length,  the  procedures  of  those  dementaiy  minds  in  pvo^ 
ducing  the  ostensible  phenomena  of  local  motion ;  but  it 
eeems  to  be  iherely  an  abuse  of  language^  and  a  very  fri* 
Toious  abuse.  This  elemental  mind  is  known  and  char 
yacterised  only  by  the  effect  which  we  ascribe  to  its  m> 

tim }  that  is,  b^  te  Biotiona  nr  chaiq^ea  of  motiMs*  Uiii* 


f#rai  ud  uiiexeepted  etperiente  sHetri  us  that  tiiest'  mt9\ 
related  bj  h^WB  ss  prtcise  iM  tkow  of  iDftiIi«iiwtie4; 
tnitli*  We  MdsMer  HothiBg  as  more  fixed  ahd  deter* 
nmed  than  tlie  t^emoA  bwa  of  'maditekflh,  Tkere  it 
ndtMag  here  tiMt  indiOites  any  thing  like  tpentaieilj^. 
iftleBliofit  purpose ;  aoite  d(  ihoie  Wirks  bj  whicli  miod 
Wat  fint  bfougkt  into  view:  bat  tbejr  are  very  like  the 
efiiDete  which  we  tvoduce  hy  the  eSLertibne  of  our  co^kkt 
raal'foitetf;  and  we  haye  accordingly  given  the  nameybrw 
to  the  eeniee  of  motion.  It  i$  surely  much  minre  apposite 
than  the  name  aund,  and  conveys  with  much  more  readi% 
nese  and  perspicuity  the  ray  notions  that  we  wish  to 
convey.  .  , 

,  84w  We  now  wish  to  know  what  reason  we  have  ta 
think  that  the  contifiual  action  of  some  ceuse  is  necessary 
for  continuing  matter  in  moticMi,  or  for  thinking  that  rest 
is  its  natural  stute.  If  we  pretend  to  draw  any  argument 
firom  the  nature  of  matter;  that  matter  must  be  known, 
as  fisr  all  is  necessary  for'beiBg  the  foundation  of  argu* 
OMi^t.  Its  very  existence  is  known  only  from  observe^ 
tioil ;  aU  our  knowledge  of  it  must  therefore  be  derived 
from  the  same  source. 

If  we  tnke  this  way  to  coipe  at  the  <Nrigin  of  this  opi- 
luim,  we  shall  find  that  experience  gives  us  no  alithortfy 
toK  saying  that  rest  ia  the  natural  condition  of  matten 
We  cannot  say  that  we  have  ever  seen  a  body  at  rest ; 
this  ia  evident  to  every  person  who  allows  the  validity  of 
the  Newtonian  philosopby»  atid  the  truth  ift  the  Coper nir 
can  system  of  the  sun  and  planets ;  aU  the  parts  of  this 
system  are  in  oMitiDn.  Kay^  it  appears  from  many  ohser«- 
vationsy  that  the  sun,  with  his  attending  planets,  is  car<*> 
fied  iji  a  certain  direction,  with  a  velocity  which  is  very 
great*  We  have  no  unquestionable  authority  for  vying 
Ahst  any  one  q(  the  stars  is  absolutely  fixed ;  but  we  are 
mlain  tli^t  meny  of  thetix  dre  in  motien<    Bestir  tberf^ 
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fore  no  rare  a  condition  of  bodj,  that  we  cannot  say,  from 
anj  experience,  that  it  is  its  natural  state. 

85.  It  is  easy,  howerer,  to  -see,  diat  it  is  from  observa- 
tion that  this  opinion  has  been  derived ;  but  the  observa- 
tion has  been  limited  and  careless.  O^r  Experiments  in 
this  sublunary  world  do  indeed  always  require  continued 
action  of  some  moving  force  to  continue  the  motion ;  and 
if  this  be  not  employed,  we  see  the  motions  slacken  every 
minute,  and  terminate  in  rest  after  no  long  period.  Our 
first  notions  of  sublunary  bodies  are  indicated  by  their 
operation  in  cases  where  we  have  some  interest.  Pa*pe- 
tually  seeing  -oar  own  exertions  necessary,  we*  are  led  to 
consider  matter  as  something  not  only  naturally  quiescent 
and  inert,  but  sluggish,  averse  from  motion,  and  prone  to 
rest  (we  must  be  pardoned  this  metaphorical  language, 
because  we  can  find  no  other  term).  What  is  expressed 
by  it,  on  this  occasion,  is  precisely  one  of  the  erroneous 
or  inadequate  conceptions  that  are  suggested  to  our 
thoughts  by  reason  of  the  poverty  of  language.  We  ani« 
mate  matter  in  order  to  give  it  motion,  and  then  we  en- 
dow it  with  a  sort  of  moral  character  in  ordor  to  explain 
the  appearance  of  those  motions. 

'  96.  But  more  extended  observation  has  made  men  gra- 
dually desert  their  first  opinions,  and  at  last  allow  that 
matter  has  no  peculiar  aptitude  to  rest.  All  the  retar- 
dations that  we  oherve  have  been  discovered,  one  after 
another,  to  have  a  distinct  reference  to  some  external  cir- 
rumstances.  The  diminution  of  motion  is  always  ob- 
served to  be  accompanied  by  the  removal  of  obstacles,^  as 
when  a  ball  moves  through  sand,  or  water,  or  air ;  or  it 
is  owing  to  opposite  motions  which  are  destroyed ;  or  it 
is  owing  to  roughness  of  the  padi,  or  to  friction,  &c.  We 
.find  that  the  more  we  can  keep  those  things  out  of  the 
way,  the  less  are  the  motions  diminished.  A  pendulum 
*WiU  vibrate  but  a  short  while  in  water ;  much  longer  ha 
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lir ;  and  Ui  (he  ^austed  receiver,  it  Will  vibrate  a  irbole 
daj.  We  know  that  we  catinot  remove  alt  obstacloB ;  but. 
we  are  led  by  sucih  QfaservaUons  to  conclude  that,  if  thej 
eomld  be  eompleiefy  removed^  our  motions  would  continue 
fbr  evef.  .And  iUs*  conclusion  is  almost  demonstiiat^  bj 
the  motion^  of  the  heavmly  bodies,  to  which  we  kmom  of 
no  obstacles,  and  which  we  really  observe  to  retain  tbdr 
motions  for  maQy  thoa3and  yeafs  without  the  smallest. 
fCHsible  diminution. 

87,  Another  set  of  philosophers  maintain  an  opinion 
directly  of^positeto  that  of  the  inactivity  of  matter,  and 
Insert,  that  i(  i§  fisdentially  active,  and  continually  chang* 
ing  its  state.  Faint  traces  of  this  are  to  be  found  in  the 
writing  of  Plato,  Aristotle,  and  their  commentators.  Mr 
Xieihnitz  is  the  person  who  has  treated  this  question  most 
systematically  and  fully.  He  supposes  every  particle  of 
matter  to  have  a  principle  of  individuality,  which  he 
therefore  ealls  a  Men  ad.  This  iponad  has  a  sort  of  pcr-t 
eq^UoH  of  its  situation  in  the  universe,  and  of  its  relatioii 
to  every  other  part  of  this  universe^  Lastly,  be  says  that 
the  monad  acts  on  the  material  particle,  much  in  the  same 
way  tbiit  the  soul  of  man  acts  on  his  body.  It  modifies 
the  motion  of  the  material  atom  (in  conformity,  however, 
to  unalterable  laws),  producing  all  those  modifications  of 
motion  that  we  observe.  Matter,  therefore,  or,  at  leasts 
particles  of  matter,  are  coqtinually  active,  and  continually 
4;banging  their  situation. 

.  It  is  quite  unnecessary  to  enter  on  a  fon^al  confutation 
of  Mr  Leibnitz^s  qrstem  of  monads,  which  difiers  very 
little  from  the  systen)  of  elemental  minds,  and  is  equally 
whimsical  and  frivolous;  because  it  only  makes  theun- 
learned  reader  stare,  without  giving  him  any  information. 
Should  it  even  be  granted^  it  would  not,  any  more  than 
the  action  of  animals,. invalidate- the  general  proposition 
vrhidh  we  are'  endeavouring  to  establish  as  the  fundamen* 
tal  law  q{  motion.    Those  powers  of  tlft  ni9>^4^  <>r  of 
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Hie  elem^tal  minds,  are  the  esuiei  of  all  tk^  diimgeB  of 
Xfliotion ;  but  the  mere  material  particle  is  subject  to  th« 
lair,  aad  requires  the  exertion  of  the  monad  in  order  US 
exhibit  a  change  of  motion. 

S8.  A  third  sect  of  philosophers,  at  the  head  of  which 
ire  maj  place  Sir  Isaac  Newton,  maintain  the  doctrine 
enounced  in  the  proposition.  But  they  difier  much  in  re^ 
ipect  of  the  foundation  on  which  it  is  built. 

Some  assert  that  its  truth  flows  from  the  nature  of  the 
Atng.  If  a  bodj  be  at  rest,  and  you  assert  that  it  will 
not  remain  at  rest,  it  must  more  in  some  one  direction; 
If  it  be  in  motion  in  any  direction,  aad  with  any  velocity^ 
and  do  not  continue  its  equable,  rectilineal,  motion,  it 
must  either  be  accelerated  or  retarded;  it  must  turn  either 
to  one  side,  or  to  some  other  side.  The  etent,  whatever  it 
be,  is  individual  and  determinate ;  but  no  cause  which  can 
determine  it  is  supposed:  therefore  the  determination 
cannot  take  place,  and  no  change  will  happen  in  the  con* 
dition  of  the  body  with  respect  to  motion.  It  will  eon^ 
tinue  at  rest,  or  persevere  in  its  rectilineal  and  equable 
motion. 

But  considerable  objections  may  be  made  to  this  argu- 
ment, of  sufficiaU  rtawHy  as  it  is  called.  In  the  immen* 
sity  and  perfect  uniformity  of  space  aud  time,  there  is  ni 
determining  cause  why  the  visible  universe  shoidd  exist ' 
in  the  place  in  which  we  see  it  rather  than  in  anothei) 
or  at  this  time  rather  than  at  another.  Nay,  the  argui- 
ment  seems  to  beg  the  question.  A  cause  of  deter- 
minattcm  is  required  as  essentially  necessary—a  deteiw 
mination  may  be  without  a  cause,  as  well  iA  a  motion 
without  a  cause. 

29.  Other  philosofdiers,  who  maintain  this  doctrine, 
consider  it  merely  as  an  experimental  truth ;  and  proofe 
of  its  universality  are  iimumerable. 

When  a  stone  b  thrown  from  the  hand,  we  press  it 
forward  while  in  the  hand^  and  kt  it  go  when  the  hand 
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1m  Mqairad  the  greattit  rapidity  of  motio*  tliat  we  tm 
fff^  it  The  stQK  coBtiauies  in  that  stale  et  moiion 
vrbidi  it  acqittred  gradaaUjr  aloag  with  the  halid.  We 
can  throvr  a  atone  much  farther  bj  meaits  of  a  lUag)  be* 
eauae,  bjF  a  Terj  modefate  motioa  of  the  hand»  we  can 
whirl  the  alone  round  till  it  acquire  a  yery  great  Yelodtyt 
and  then  we  let  go  one  of  the  atriaga^  and  the  ttoue 
eaeapet)  iy  eanlinadig  ita  rapid  motion.  We  see  it  still 
m<Me  distinctly  in  shootiag  an  arrow  ^m  a  bow.  -The 
string  presses  bard  on  the  notch  of  the  arrow,  and  it 
yields  to  thia  pressure  and  goes  foi^ard.  Tlie  string  aloee^ 
would  go  fiuiter  forward.  It  therefore  eomUfmet  to  prese 
the  arrow  forward,  and  aooelerales  its  motioD«  Thiii  goea 
00  till  the  hew  is  as  mudh  unbanyt  as  the  string  will  allow.^ 
But  the  strmg  U  now  a  straight  line*  -  It  came  into  thie 
position  with  an  accelerated  motion,  and  it  therefere  geeif 
a  littie  beyond  this,  position,  but  with  is  retarded  moti0n» 
being  checked  by  fhr  bow.  But  there  is  nothing  to  check 
the  arrow ;  therefore  the  arrow  quits  the  string,  and  fliea 
eway. 

*:  These  are  sin^ile  cases  ef  perseverance  in  a  state  of 
motioB,  where  the  procedure  of  nature  ia  so  easily  traced 
that  we  perceive  it  almost  ihtuitivdy.  It  is  no  less  clear 
in  other  phenomena  which  are  more  complicated ;  but  it 
lequires  a  little  reflection  to  trace  the  process.  We  have 
often  seen  an  equestrian  showman  ride  a  horse  at  a  gallop, 
standing  on  the  saddle,  and  stepping  from  it  to  the  back 
ef  another  horse  that  gallops  alongside  at  the  same  rate  i 
and  he  daea  thu  seemingly  with  as  much  ease  as  if  the 
horses  were  standing  stilL  The  man  has  the  same  velo- 
city with  the  horse  that  gallops  under  him,  and  keeps  this 
vielocir^  while  he  steps  to  the  back  of  U»  other.  If  that 
other  were  standing  still,  the  man.  woidd  fly  over  his  head» 
And  if  a  man  should  step  from  the  back  of  a  horse  that 
is  sCamfing  still  to  the  back  of  another  that  gallops  past 
him,  he  would  be  left  behind.    In  the  same  manner,  a 
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slack  ^lie  daiieer  tosses  ohihges  fttma  hsnd  to  bsrid  wliil^ ' 
the  wite  is  in  full  swing     The  chrange,  swinging  along 
with  the  hatid,  retains  the  Telodtj;  and  when  in  the  air 
follows  the  hand,  and  .falls  into  it  when  it  is  in  the  oppo^i 
rite  extrelnitj  of  its  swings  .  A  ball». dropped  from  the. 
mast  head  of  a  ship  that  is  sailing  briskly  forward^  falU 
3t  the  foot  df  the  maift     It  retains  the  aabtioB  which  it 
had  white  in  the  hand  of*  the  person  who  dropped  it,  onit 
follows  the  mast  diiring  the  whole  of  its  falL 

We  also  have  famiiliar  instances  of  the  |)erseyerance  of 
a  body  in  a  state  of  rest.  When  a  vessel  filled  with  wak 
ler  is  drawn  suddenly  along  the  floor,  the  water*  dashear 
over  the  fiosterior  side  of  the  vessel.  It  is  left  behind.  la. 
the-  same-  manner,  when  a  coach  or  boat  is.  dragged  JEbr^- 
ward,  the  persons  in  it  find  themselves  strike  .against  thtf 
hinder  part  of  the  carriage  •t  boat  Propenly.  speaking,^ 
it  is  the  carriage  that  strikes  4m  them.  In  like  mannery 
if  we  lay  a  card  on  the  tip  of  the  finger^  and  a  piece  of 
aoiotiey  on  the  card,  we  may  nick  away  the  oacd^  by  hit- 
ting it  neatly  on  its  edge ;  but  the  piece  of  money  will  be: 
left  behind,  lying  on  the  tip  of  the  finger.  A  ball,  will  go 
through  a  wall  and  fly  onward;  bat  the-  wall  it-  left  be* 
hind.  Buildings  are  Uirown  down  by  earthquakes ;  aome« 
times,  by  being  tossed  froin  their  foundations,  but  moref 
generally  by  the  ground  on  which  they  stand  beings 
hastily  drawn  sidewise  from  under  them,  tee. 

90.  But  common  experience  seems  insufficient  for  esta», 
blishing  this  ftindamental  proposition  of  meefaaaical  phi-» 
losophy^  We  must^  on  the  faith  of  the  Copemican  s^s^ 
tem,  grant  that  we  never  saw  a  body  at  rest,  or  in  ubu 
form  rectilineal  motion ;  yet  this  seems  absolutely  aeces^ 
sary  before  we  can  say  that  we  have  eetabiished  tUa  pro^ 
position  experimeatally. 

.  What  we  imagine,  in.ottr  experimfents,^  to.be  putlidg>  a 
body^  formerly  at  rest,  into  motion,  is,  in  fact,  only 
changing  a  moat  rapid  mMioa^.  not  leii^  and  probabi/. 
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Modi  giMter,  than  90^000  feet  per  seooiuL  Suppose'  a^ 
caniion  pointed  east,,  and  the  bullet  discharged  at  nooa^ 
day  inA  60  times  greater  velocity  than  we  have  ever 
been  able  to  give  it.  It  would  appear  to  set  out  with' 
this  onmeasiindde  vdociCj  to  the  eastward;  to  be  gra* 
dually  retarded'  by  the  resistanoe  of  the  air,  and  at  last 
brought,  to  rcet  by  hitting  the  ground.  But,  by  reason 
of  the  earth^s  motion  round  the  sun«  the  fact  is  quite  tho 
i%?erse.  Immediately  before  the  discharge,  the  ball  was 
moving  totfae  westward  with  the  velocity  of  90^000  feet 
per  second  nearly.  By  the  explosion  of  the  powder,  and 
its  pressure  on  the  ball,  some  of  this  motion  is  destroyed, 
and.at  the  mussle  of  the  gun,  the  ball  is  movingwslower, 
and  the  cannon  is  hurried  away' from  it  to  the  westward. 
The  air,  which  is  aiso  moving  to  the  westward  90,000 
feet  in  a  seeond,  gradually  communicates  motion  to  the 
bail,  in  the  same  manner  as  a  hurricane  would  do.  At 
last  (the  ball  dropping  all  the  while)  some  part  of  the 
ground  hks  the  ball,  and  carries  it  along  with  it. 

Other  observaltous  must  therefore  be  resorted  to,  in 
order  to  obtain  an  experimental  proof  of  this  proposition. 
And  such  are  to  be  found.  Although  we  cannot  measure 
the  absolute  motions  of  bodies,  we  can  observe  and  mea- 
sure accurately  their  relative  motions,  which  are  the  dif- 
ferences of  their  absolute  motions.  Now,  if  we  can  shew 
e^)erimentally,  that  bodies  shew  equal  tendencies  to  re« 
sist  the  augmentation^  and  the  diminution  of  their  relative 
moticms,  they,  tpso  JhctOy  shew  equal  toadencies  to  resist 
the  augmentation  or  diminution  of  their  absolute  motions. 
Therelbre  let  two/  bodies,  A  and  B,  'be  put  into  sudi  a 
situatkm,  that  they  cannot,  (by  reason  at  their  impene* 
trability,  or  the  actions  of  their  mutual  powers)  persevere 
in  thdr  relative  motions.  The  change  produced  on  A  is 
the  effect  and  measure.of  B^s  tendency  to  persevere  in  its 
former  state ;  and  therefore  Ae<  proportion  of  these 
changes  will  shew  the  proportion  «of  their  tendencies  to 
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msiMdMA  Ibeif  fornier  states.    Thcrefoie  kt  tbi  SMoirmg 
isi|ief  im^tti  be  made  at  noon* 

Let  A*  ai^iiaireiitly  oKHriag  weatvard  tkree  feat  per  ae* 
aD04  kit*  the  equal  body  B  appartntlj  at  rest  Si^poae; 
iMif  Tbfit  A  iuqfdA  B  farvrard,  wiliKMit  aaijr  diwlmttioa  of 
its  owa  telocUjr.  Tbla  vasttlt  would  sbew  that  B  nunl« 
CbsIs  bo  tendcttcy  to  Maiataiji  its  motf or  laiAaBged^  but 
that  A  retains  its  asotton  aQdimiMahad. 
.  2d^i  Suppose  that  A  stopa»  aad  that  B  famaiiis  at  aaat 
7bi8  would  shew  that  X  dees  not  msMt  a  diariMtiaii  of 
motioQ^  but  that  B  retains  its  aMitiea  uaau^eitcd. 

3dlyt  Suppose  that  bath  move  westward  vitii  .the  vehi^ 
f  ity  of  ^ue  ftot  per  second.  The  change  as  A  is  a  di* 
minutioB  of  velocityt  amouafting  la  tmo  feat  par  aaeondi 
This  is  the  effect  and  the  aMasuve  of  B'a  tendency  td 
maintain  its  vehiciij  unas^gmentad.  The  change  on  B  ii 
an  augmentation  of  one  foot  per  second  mads  on  its  ire* 
locity ;  and  this  is  the  measute  of  A^s  tendency  ta  main^ 
tain  its  velocity  undiminished.  This  tendency  ia  but  half 
af  the  former ;  and  this  result  would  shaw*  that  the  re- 
sistoece  to  a  diminution  of  velocity  ia  hnt  half  of  the  to» 
sistanoe  to  augmentation.  It  is  perh^  biit  one  quarter; 
fpr  the  ohaoge  en  B  baa  {Hroducad  a  danUe  change  on  A.: 

itifjft  Suppose  that  both  move  westward  at  the  rate  ef 
H  feet  per  second*  It  is  evident  that  their  tendencies  id 
maintain  tbw  states  unAanged  are<  now  equnl. 

Bthfy^  Siqipose  A  s  8  B^  and  that  both  naove^  after 
the  collision^  two  feet  per  secondt  B  baa  received  an  addi* 
tion  of  two  feet  per  second  to  ita  fiarmer  veloeily.  Thb 
is  the  effect  and  the  measure  of  A*s  whole  tendency  to 
retain  its  motion  undiminished.  Half  of  this  change  on 
B  measures  the  persevering  tendency  of  the  half  of  A  t 
but  As  which  formerly  mdved  witk  the  iqiparent  or  rela^ 
tive  velocity  three»  now  moves  (by  the  supposition)  with 
the  velocity  two»  having  lost  a  velocity  of  one  foot  per 
s9cofid«    £ech.  half  of  A  therefore  baa  lost  Ihh  veledtyj 
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aad  tfae  whole  loss  of  motion  is  two.  Now  this  is  the 
measure  of  B^s  tendency  to  maintein  its  former  state  nn* 
angmented ;  and  this  u  the  same  with  the  measure  of  A'^s 
tendency  to  maintain  its  own  former  state  undiminished. 
The  eonelusion  from  such  a  resiilt  would  therefore  be, 
that  bodies  hare  equal  tendencies  to  maintain  their  former 
alates  of  motion  without  aikgmentation  and  without  dimi* 
nution. 

What  is  supposed  in  the  i^h  and  6tk  cases  is  really  the 
result  of  all  the  experiments  which  have  been  tried ;  and 
this  law  regidatea  all  the  changes  of  motion  which  are 
produced  by  the  mutual  actions  of  bodies  in  ilnpulsions. 
^hia  assertion  is  true  without  exception  or  qualification. 
l?hcrefore  it  appean^  that  bodies  have  no  preferable  ten«» 
deney  to  rest^  and  that  np  fact  can  be  adduced  which 
should  make  us  euppose  that  a  motion  once  begun  should 
Buffer  any  diminution  without  the  action  of  a  changing 
cause 

But  we  must  now  obserTe^  that  this  wAy  of^  establish* 
lag  thd  first  law  of  motion  is  very  imperfect,  and  altoge- 
ther unfit  for  rendering  it  the  fundamental  principle  of  i 
Ivhole  and  nlensive  science.  Jt  is  subject  to  all  the  in« 
ncouracy  that  is  to  he  found  in  our  best  experiments ;  and 
U  cannot  be  applied  to  eases  where  scrupulous  accuracy  is 
Wanted^  and  where  no  experiment  can  be  niade. 

Let  us  therefore  examine  the  proposition,  and  we  shall 
find  it  to  he  an  axiom  or  intuitive  consequence  of  the 
relations  of  those  ideas  which  we  have  of  motion^  and  of 
the.  causes  of  its  piroduetion  and  changes; 

31.  It  has  been  fully  demonstrated  that  the  powers  or 
ibrces)  of  which  we  speak  so  much^  are  neter  thcl  immci 
diate  ol^ects  of  our  perception.  Their  very  existence^ 
their  klnd»  and  their  degree^  are  instinctive  inferences 
fhms  the  motions  which  we  observe  and  class.  It  evi- 
dently follows  from  this  experimental  and  universal  truths 
lM%  That  where  no  change  of  motion  19  observed,  no 
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Buch  inference  is  made ;  that  is,  no  power  is  wppond  to 
act  But  whenever  anj  change  of  motion  is  obsenred,  the 
inference  is  made ;  that  is,  a  power  or  force  is  supposed 
to  have  acted. 

In  the  same  form  of  logical  conclusion,  we  must  say 
that,  2dhfj  When  no  change  of  motion  is  supplied  or 
thought  of,  no  force  is  Mrppo«ed;  and  that  whenever  we 
suppose  a  change  of  motion,  we,  in  fact,  though  not  in 
terms,  suppose  a  changing  force.  And,  on  the  other 
hand,  whenever  we  suppose  the  action  of  a  changing  force^ 
we  suppose  the  change  of  motion;  for  the  action  of  this 
force,  and  the  change  of  motion,  is  one  and  the  same 
thing.  We  cannot  think  of  the  action  without  thinking 
of  the  indication  of  that  action ;  that  is,  th^  change  of 
motion.-— In  the  same  manner,  when  we  do  not  think  of 
a  changing  force,  or  suppose  that  there  is  no  action  of  a 
changing  force,  we,  in  fact,  though  not  in  terms,  sup« 
pose  that  there  is  no  indication  of  this  changing  force : 
that  is,  that  there  is  no  change. 

.  Whenever,  therefore,  we  suppose  that  no  mechanical 
force  is  acting  on  a  body,  we,  in  fact,  suppose  that  the 
body  continues  in  its  formy  condition  with  respect  to  mo- 
tion. If  we  suppose  that  nothing  accelerates,  or  retards, 
or  deflects  the  motion,  we  suppose  that  it  is  not  accele- 
rated, nor  retarded,  nor  deflected  Hence  follows  the 
proposition  in  express  terms-^^IFe  sifppose  ihaJt  the  botfycon^ 
ttnues  in  its  former  ttate  of  rest  or  moiioHj  unless  we  suppose 
that  it  is  changed  b^  some  mechanical  force. 

Thus  it  appears,  that  this  proposition  is  not  a  matter 
of  experience  or  contingency,  depending  on  the  proper- 
ties which  it  has  pleased  the  Author  of  Nature  to  bestow 
on  body :  it  is,  to  us,  a  necessary  truth*  The  proposi- 
tion does  not  so  much  express  any  thing  with  regard  to» 
body,  as  it  does  the  operations  of  our  mind  when  con- 
templating body.  It  may  perhaps  be  essential  to  body  to 
move  in  some  particular  direction.    It  may  be  essential 
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to  body  tb  stop  as  soon  as  the  moving  cause  bas  ceased  to 
act ;  or  it  may  be  essential  to  body  to  diminish  its  motion 
graduaHjTy  and  finally  come  to  rest.  But  this  will  not  in- 
validate the  truth  of  this  proposition.  The^  circum- 
fitances  in  the  nature  of  body,  which  render  those  modi- 
fications of  motion  essentially  ilecessary^  are  the  causes  of 
those  modifioations ;  bnd,  in  our  study  of  nature,  they 
will  be  considered  by  us  as  changing  forces,  and  will  be 
known  and  called  by  that  name.  And  if  we  should  ever 
see  a  particle  of  matter  in  such  a  situation  that  it  is  af- 
fected by  those  essential  properties  alone,  we  shall,  front 
observation  of  its  motion,  discover  what  those  essential 
properties  ar^; 

This  law  turns  oikt  at  last  to  be  little  niore  than  a  tail- 
toli^ical  proposition :  But  mechanical  philosophy^  as  we 
have  defined  it^  requires  no  other  sense  of  it ;  for,  eteii 
if  we  should  suppose  that  body,  of  its  bwn  nature,  is 
eapable  of  changing  its  state;  this  change  must  be  per- 
foimed  according  to  some  law  which  characteriikes  the  na- 
ture of  body ;  and  the  knowledge  of  the  law  can  be  had  in 
no  other  way  than  by  observing  the  deviations  froni  uni- 
form rectilineal  motion.  It  is  therefore  indifferent  whether 
those  changes  are  derived  from  the  nature  of  the  thing, 
or  from  external  causes ;  for  in  Order  to  consider  the  va^ 
iious  motions  of  bodies^  we  mtist  first  consider  this  na- 
ture of  matter  as  a  mechanical  affection  of  matter,  ope- 
rating in  every  instance ;  and  thus  we  are  brought  back 
to  the  law  enounced  in  this  proposition.  This  becomes 
more  certain  when  we  reflect  that  the  exteriial  causes 
(such  as  gravity  or  magnetism),  whieh  are  acknowledged 
to  operate  changes  of  motion,  are  equally  unknown  to  uS 
with  this  essential  original  property  of  nature,  and  are, 
like  it,  nothing  but  inferences  from  the  phenomena. 

The  above  very  diffuse  discussions  otiay  appear  super- 
fluoils  to  many  readers,  andeven^cumbersome;  but  we 
Imst  that  the  philosophical  readw  will  excuse  our  anxiety 
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tm  tbb  heady  when  be  refleeU  od  tiie  coDq^icated,  indis^ 
tiact,  and  inacciirate  notions  commonly  had  of  the  ^ubr 
ject ;  and  more  eepeci^lj  when  be  obseiret ,  that  of  tbos^ 
who  maintain  the  truth  of  this  fundamental  proposition^ 
as  we  have  enouaced  it,  manj  (and  they  too  of  the  6r8t 
eminence)  reject  it  in  (act,  by  combining  it  with  other 
options  which  are  inconsistent  with  it,  nay,  which  con* 
tiBdid  it  in  express  t^rms.    We  may  even  include  Sir 
Isaac  Newton  in  the  number  of  those  who  have  at  leaat 
introduced  modes  of  ezpresuon  which  mislead  the  minds 
of  incautious  persons,  and  suggest  inadequate  notions,  in* 
compatible  with  the  pure  doctrine  of  the  proposition. 
Although,  in  words,  they  disclaim  the  doctrine  that  rest 
is  the  natural  state  of  body,  ud  that  force  is  necessary 
for  the  continuation  of  its  motion,  yet  in  words  they 
(and  most  of  them  in  thought)  likewise  abet  that  doc* 
trine ;  for  they  say,  that  there  resides  in  a  moving  body 
fiftfwtr  Qi  farce,  by  which  it  perseveres  in  its  motion. 
They  call  it  the  vis  insitA)  the  inhbrbnt  force  of  a 
MoyiNo  noov.    This  is  surely  giving  up  the  question ;  for 
if  the  motion  is  supposed  to  be  continued  in  consequence 
of  a  force,  that  force  is  99ippoBe4  to  be  exerted ;  and  it  is 
supposed,  that  if  it  were  not  exerted^  the  motion  would 
cease ;  and  therefoire  the  proposition  must  be  false.    lur 
deed  it  ia  sometimes  expressed  ao  as  seemingly  to  ward  off 
this  objection,    {t  is  said,  that  tbe  body  continues  in  uai« 
form  rectilineal  motion,  unless  afiected  by  some  exUnml 
cause.  But  this  way  of  speaking  obliges  ut,  at  first  setting 
out  in  naturalphiio8ophy,to  assert  that  gravity,  magnetism, 
electrici^,  and  a  tbouaiand  other  medianical'  powers,  are 
external  %o  the  matter  which  they  put  in  motion.    This 
IS  quite  improper:  It  is  the  business  of  philosophy  to  dis- 
cover whether  they  be  external  or  not ;  and  if  we  assert 
that  they  are,  we  have  no  principles  of  argumentation 
with  those  who  deny  ft    It  is  this  one  thing  that  has 
£Ued  the  atudy  of  nature  with  ail  the  jargon  of  sethers 
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ukA  other  iHTisible  intangible  Mid^y  whicfa  hiu  dhgnced 
philosophy,  and  greatly  retarded  its  progress. 

32.  We  must  observe,  that  the  terms  vU  insita^  inherent 
farce,  are  very  improper.  There  is  no  dispute  among 
philosophers  in  calling  every  thing  a  farce  that  produces 
a  change  of  motion,  and  in  inferring  the  aetion  of  such  a 
fbrce  whenever  we  observe  a  change  of  motion.  It  is 
snreiy  incongruous  to  give  the  same  name  to  what  has  not 
this  quality  of  producing  a  change,  or  to  infer  (or  rather 
to  suppose)  the  energy  of  a  force  when  no  change  of  mo*- 
tion  is  observed.  This  is  one  among  many  instancea  of 
the  danger  of  mistake  when  we  indulge  in  analogical  dis- 
cussions. All  our  language,  at  least  on  this  sutgect,  is 
analogous.  I  feel,  that  in  order  to  oppose  animal  force, 
I  must  exert  force.  But  I  must  exert  force  in  order  to 
oppose  a  body  in  motion :  Therefore  I  imagine  that  the 
moving  body  possesses  force.  A  bent  spring  will  drive  a 
body  forward  by  unbending :  Therefone  I  say  that  the 
spring  exerts  force.  A  moving  body  impels  the  body 
which  it  hits :  Therefore  I  say,  that  the  impelling  body 
possesses  and  exerts  force.  I  imagine  farther,  that  it 
possesses  force  only  by  being  in  motion,  or  because  it  is 
in  motion ;  because  I  do  not  find  that  a  quiescent  body 
will  put  anotlier  into  motion  by  touching  it.  But  we  shall 
soon  find  this  to  be  false  in  makiy,  if  not  ia  all  cases^  and 
that  the  communication  of  motion  depends  oa  the  mere 
vicinity,  and  not  on  the  motion,  of  the  impelling  body ; 
yet  we  ascribe  the  exertion  of  the  vu  insiia  to  the  circum- 
stance of  the  continued  motion.  We  therefore  conceive 
the  force  as  arising  from,  or  as  consisting  in^  the  impel- 
ling body^s  being  in  motion ;  and,  with  a  very  obscure 
and  indistinct  conception  of  the  whole  matter,  we  call  it 
tie  force  by  tchick  the  body  preserten  itxtf  in  nwiim,  Thus> 
taking  it  for  granted  that  a  force  resides  in  the  body,  and 
being  obliged  to  give  it  some ,  office^  this  is  the  only  one 
that  we  can  think  of.  '' 
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But  philosophers  imagine  that  they  perceive  the  neces- 
sity of  the  exertion  of  a  force  in  order  to  the  continua- 
tion of  A  motion.  Motion  (say  they)  is  a  continued  ac- 
tion ;  the  body  is  every  instant  in  a  new  situation  ;  there 
is  the  continual  production  of  ap  effect,  therefore  the- 
continued  action  of  a  cause. 

33.  But  this  is  a  very  inaccurate  way  of  thinking,  We 
have  a  distinct  conception  of  motion ;  and  we  eonceive 
that  there  is  such  a  thing  as  a  moving  cause,  which  ve 
distinguish  from  all  other  causes  by  the  name  force.  It 
produces  motion.  If  it  do^s  this,  it  produces  the  cha^. 
racter  of  motion,  which  is  a  continual  change  of  place. 
Motion  is  not  action,  but  the  effect  of  an  action ;  and 
this  action  is  as  complete  in  the  instant  immediately  sucr 
ceeding  the  beginning  of  the  motion  as  it  b  a  minute 
after.  The  subsequent  change  of  place  is  the  continuation 
of  an  effect  already  produced.  The  immediate  effect  of  the 
moving  force  is  a  determination,  by  which,  if  not  hin^ 
dered,  the  body  would  go  on  for  ever  from  place  to  place. 
It  is  in  this  determination  only  that  the  state  or  condition 
of  the  body  can  differ  from  a  state  of  rest ;  for  in  any  in- 
stant, the  body  does  not  describe  any  space,  but  has  a 
determination  by  which  it  will  describe  a  certain  space 
uniformly  in  a  certain  time.  Motion  is  a  condition,  a  state, 
or  mode,  of  exbtence,  and  no  more  requires  the  conti- 
nued agency  of  the  moving  cause  than  yellowness  or  round- 
ness does.  It  requires  some  chemical  agency  to  change 
the  yellowness  to  greenness ;  and  it  requires  a  mechanical 
cause  or  a  force  to  change  this  motion  into  rest.  When 
we  see  a  moving  body  atop  short  in  an  instant,  or  he  gra- 
dually, but  quickly,  brought  to  rest,  we  never  fail  to 
speculate  about  a  cause  of  this  cessation  or  retardation. 
The  case  is  no  way  different  in  itself  although  the  retar- 
dation should  be  extremely  slow.  We  should  always  at- 
tribute it  to  a  cause.  It  requires  a  cause  to  put  a  body 
put  of  motion  as  much  as  to  put  it  into  motion.    Thb 
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eause,  if  not  elcternaly  must  be  found  in  the  body  itself; 
and  it  must  have  a  self-determining  power,  and  may  as 
well  be  able  to  put  itself  into  motion  as  out  of  it. 

If  this  reasoning  be  not  admitted,  we  do  not  see  how 
any  effect  can  be  produced  by  any  cause.  Every  effect 
sujqposes  something  done ;  and  any  thing  done  implies  that 
the  thing  done  may  remain  till  it  be  undone  by  some  other 
cause.  Without  this,  it  would  have  no  existence.  If  a 
moving  cause  did  not  produce  continued  motion  by  its  in- 
stantaneous action,  it  could  not  produce  it  by  any  conti- 
nuance of  that  action;  because  in  no  instant  of  that  ac- 
tion does  it  produce  continued  motion. 

We  must  therefore  give  up  the  opinion,  that  there  re- 
sides in  a  moving  body  a  force  by  which  it  ia  kept  in  mo^ 
Hon;  and  we  must  find  some  other  way  of  explaining  that 
remarkable  difference  between  a  moving  body  and  a  body 
at  rest,  by  which  the  first  causes  other  bodies  to  move  by 
tiitting  them,  while  the  other  does  not  do  this  by  merely 
touching  them.  We  shall  see,  with  the  clearest  evidence, 
that  motion  is  necessary  in  the  impelling  body,  in  order 
that  it  may  permit  the  forces  inherent  in  one  or  both  bo- 
dies to  continue  this  pressure  long  enough  for  producing 
a  sensible  or  considerable  motion.  But  these  moving 
forces  are  inherent  in  bodies^  whether  they  are  in  motion 
or  at  rest. 

34.  The  foregoing  observations  shew  us  the  impropriety 
of  the  phrase  communication  of  motion.  By  thus  reflectiog 
on  the  notions  that  are  involved  in  the  general  conception 
of  one  body  being  made  to  move  by  the  impulse  of  an- 
other, we  perceive,  that  there  is  nothing  individual  trans- 
ferred from  the  one  body  to  the  other.  The  determina- 
tion to  motion,  indeed,  existed  only  in  the  impelling  body 
before  collision  ;  whereas,  afterwards,  both  bodies  are  sp 
conditioned  or  determined.  But  we  cart  form  no  notion 
of  the  thing  transferred.    With  the  same  metaphysical 
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improprietjT)  we  speak  of  the  communication  of  joy,  of 

35.  Kepler  introduced  a  term  ivHRTtA,  via  iNsati^, 
into  mechanieal  philoaophy ;  and  it  is  now  in  constant 
uae.    But  writers  are  verj  careless  and  vague  in  the  no« 
tions  which  they  affix  to  these  terms.    Kepler  and  New- 
ton seem  generally  to  employ  it  for  expressing  the  fact, 
the  perseverance  of  the  body  in  its  present  state  of  mo- 
tion  or  rest ;  but  they  also  frequently  express  by  it  some* 
thing  like  an  indifference  to  motion  or  rest,  nuamjiited  tgf 
ks  requking  the  same  quantity  offeree  to  make  on  ot^guieiito* 
tion  of  its  motion  as  to  moibs  an  equal  diminution  of  it     The 
popular  notion  is  like  that  which  we  have  of  actual  re- 
sistance ;    and  it  always  implies  the  notion   of  force 
exerted  by  the  resisting   body.      We   suppose   this   to 
be  the  exertion  of  the  ets  tnstto,  or  the  inherefU  force 
of  a  body  in  motion.    But  we  have  the  same  notion 
of  resistance  from  a  body  at  rest  which  we  set  in  mo* 
tion.    Now,  surely  it  is  in  direct  contradiction  to  the 
common  use  of  the  word  forccy  when  we  suppose  resist*- 
ance  from  a  body  at  rest ;  yet  vis  inertia  is  a  very  com- 
mon expression.    Nor  is  it  more  absurd  (and  it  is  very 
absurd)  to  say,  that  a  body  maintains  its  state  of  rest  by 
the  exerticm  of  a  vis  tssrttW ,  than  to  say,  that  it  main- 
tains its  state  of  motion  by  the  exertion  of  an  inherent 
force.    We  should  avoid  all  such  meta|ihorical  expressions 
as  resistatuxt  indifference^  slnggishnesSf  or  proneness  to  rest 
(which  some  express  by  inertia)^  because  they  seldom  fail 
to  make  us  indulge  in  metaphorical  notions,  and  thus  lead 
us  to  misconceive  the  modus  operandi^  or  procedure  of 
nature. 

There  is  no  resistance  whatever  observed  in  tbeae  pheno- 
m^ia ;  for  the  force  employed  always  produces  its  complete 
effect.  When  I  throw  down  a  man,  and  find  that  1  have 
employed  no  more  force  than  was  sufficient  to  throw  down 
9  similar  and  equal  mass  of  dead  niatter^  I  know  by  this 
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that  hk  ha$  Mol  resisted ;  b«t  I  eOndude  tfaat  be  Aot  n* 
sisted^  if  I  hare  been  obliged  to  employ  much  more  foree* 
There  it  therefore  bo  resistance,  properly  so  called^  frfaea 
the  exerted  force  is  observed  to  produce  its  full  effect 
To  say  that  there  it  resistance,  is  therefore  a  real  mis* 
conception  of  the  way  in  whidi' mechanical  fiirces  hare 
operated  in  the  collision  of  bodies.  -  There  is  no  more  re* 
sistance  in  these  cases  than  in  any  other  natural  changes 
of  condition*    We  are  guilt|,  howerer,  of  the  same  im- 
propriety of  language  in  other  cases,  where  the  causa  of 
it  is  more  evident.    We  say  that  colours  in  grain  restM  the 
action  of  soap  and  of  the  sun,  but  that  the  Prussian  blue 
does  not    We  all  perceive,  that  in  this  expression  the 
word  r€$ulanee  is  entirely  figurative ;  and  we  should  say 
that  Prussian  |>lue  re$ut$  soap,  if  we  are  right  in  saying 
that  a  body  resists  any  force  employed  to  change  its  state 
of  motion ;  for  soap  must  be  employed  to  discharge  or 
change  the  colour ;  And  it  does  change  it.     Force  must  be 
employed  to  change  a  motion  ;  and  it  doefi  change  it.    The 
Impropriety,  both  of  thought  and  language,  is  plain  in 
the  one  case,  ai|d  it  is  no  less  real  in  the  other.     Both  of 
•the  terms,  inhereiU  force  and  inertia^  may  be  used  with 
aafety  for  abln^viating  language,  if  we  be  cafeful  to  em- 
ploy them  only  for  expressing,  either  the  nm^fict  ofpit^ 
severing  in  the  former  #lole,  or  the  necesnty  of  employing 
a  certain  idtrmiMie faree%  in  order  to  change  thai  gtate^  and 
if  tse  avoid  all  thought  of  resietaance. 

'  36.  From  the  whole  of  this  discussion  we  learn,  that 
«ihe  deviations  from  uniform  motions  are  the  indications 
of  the  existence  and  agency  of  mechanical  forces,  and  that 
they  are  the  only  indications.  The  indication  is  very  sim- 
ple, mere  change  of  place ;  it  can  therefore  indicate  no- 
thing but  what  is  Tery  simple,  the  something  competent 
t6  the  production  of  the  very  motion  that  we  observe. 
And  when  two  changes  of  motion  are  precisely^  similar, 
they  indioote  the  same  thing.  Suppose  a  mariner^s 
eemptes  on  the  table>  and  that  by  a  small  tap  with  ay 
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finger  I  caute  the  needle  to  turn  off  from  its  quiescent 
position  10  degrees.  ^I  can  do  the  same  thing  bj  bringing 
a  magnet  near  it ;  or  by  bringing  an.electrified  bod j  near 
it ;  or  by  the  unbending  of  a  fine  spring  pressing  it  aside ; 
or  by  a  puff*  of  wind ;  or  by  several  other  methods.  In 
all  these  cases,  the  indication  is  the  same ;  therefore  the 
thing  indicated  is  the  same,  namely,  a  certain  intensity 
and  direction  of  a  moving  power.  How  it  operates,  or  in 
what  manner  it  exbts  and  exerts  itself  in  these  instances, 
outwardly  so  different,  is  not  under  consideration  at  pre* 
sent  Impulsiveness,  intensity,  and  direction,  are  all  the 
circumstances  of  resemblance  by  which  the  affections  of 
matter  are  to  be  characterised ;  and  it  is  to  the  discovery 
and  determination  of  these  alone  that  our  attention  is 
now  to  be  directed  We*  are  directed  in  this  research  bj 
the 

SECOND  LAW  OF  MOTION^ 

Every  change  of  motion  is  proportional  to  the  force  impressed^ 
and  is  made  in  the  direction  of  that  force. 

37.  This  law  also  may  almost  be  considered  as  an  idei^ 
tical  proposition ;  for  it  is  equivalent  to  saying,  that  the 
changing  force  is  to  be  measured  by  the  change  which  it 
produces,  and  that  the  direction  of  this  force  is  the  direc- 
tion of  the  change.  Of  this  there  can  be  no  doubt,  when 
we  consider  the  force  in  no  other  sense  than  that  of  the 
cause  of  motion,  paying  no  attention  to  the  form  or  man- 
ner of  its  exertion.  Thus,  when  a  pellet  of  tow  is  shot 
from  a  pop*gun  by  the  expansion  of  the  air  compressed  by 
the  rammer,  or  where  it  is  shot  from  a  toy  pistol  by  the 
unbending  of  the  coiled  wire,  or  when  it  is  nicked  away 
by  the  thumb  like  a  marble— if,  in  all  these  cases,  it 
moves  off  in  the  same  direction,  and  with  the  same  velo- 
city, we  cannot  consider  or  think  of  the  force,  or  at  least 
of  its  exertion,  as  any  how  different  Nay,  when  it  is 
driven  forward  by  the  instantaneous  percussion  of  a  sma^t 
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stroke,  although  the  manner  of  producing  this  effect  (iC 
possible)  is  essentially  different  from  what  is  conceived  in^ 
the  other  cases,  we  must  still  think  that  the  propelttig 
force,  considered  as  a  propelling  force,  is  one  and  the 
same.  In  short,  this  law  of  motion,  as  thus  expressed  by 
Sir  Isaac  Newton,  is  equivalent  to  saying,  <<  That  we  take 
the  changes  of  motion  as  the  measures  of  the  changing 
forces,  and  the  direction  of  the  change  for  the  indication 
of  the  direction  of  the  forces  :^  For  no  reflecting  pei'soi) 
can  pretend  to  say,  that  it  is  a  deduction  from  the  ac^* 
knowledged  principle,  that  effects  are  proportional  to  theiv 
causes.  We  do  not  affirm  this  law,  from  having  observed 
the  proportion  of  the  forces  and  the  proportion  of  the 
changes,  and  that  these  proportions  are  the  same ;  and 
from  having  observed  that  this  has  obtained  through  the 
whole  extent  of  our  stndy  of  nature.  This  would  indeed 
establish  it  as  a  physical  law,  an  universal  fact ;  and  it  is 
in  fact  so  established.  But  this  does  not  establish  it  as  a 
law  of  motion,  according  to  our  definition  of  that  term ; 
as  a  law  of  human  thought,  the  result  of  the  relations  of 
our  ideas,  as  an  intuitive  truth.  The  injudicious  attempts 
of  philosophers  to  prove  it  as  a  matter  of  observation, 
have  occasioned  the  only  dispute  that  has  arisen  in  mecha^ 
nical  philosophy.  It  is  well  known,  that  a  bullet,  moving 
with  double  velocity,  penetrates  four  times  as  far.  Many 
other  similar  facts  corroborate  this  :  and  the  philospphers 
observe,  that  four  times  the  force  has  been  expended  to 
generate  this  double  velocity  in  the  bullet ;  it  requires  four 
times  as  much  powder.  In  all  the  examples  of  this  kind, 
it  would  seem  that  the  ratio  of  the  forces  employed  has 
been  very  accurately  ascertained;  yet  this  is  the  invaria* 
bie  result.  Philosophers,  therefore,  have  concluded,  that 
moving  forces  are  not  proportional  to  the  velocities  which 
they  produce,  but  to  the  squares  of  these  velocities.  It  is 
a  strong  confirmation,  to  see  that  the  bodies  jn  motion 
6^m  to  possesjs  foirces  in  this  very  proportion,  and  produce 
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effects  in  this  proportion ;  penetrating  four  times  dd  deep 
when  the  relocitj  is  only  twice  as  great,  &c. 

fiut  if  this  be  a  just  estimation,  we  cannot  reconcile  it 
to  the  concession  of  the  same  philosophers,  who  grant  that 
the  Telocity  b  proportional  to  the  force  impressed,  in  the 
eases  where  we  have  no  previous  observation  of  the  ratio 
of  the  forces,  and  of  its  equality  to  the  ratio  of  the  velo^ 
cities.  This  is  the  case  with  gravity,  which  these  philo^ 
iophers  always  measure  by  its  accelerating  power,  or  the 
velocity  which  it  generates  in  a  given  time.  And  this 
eannot  be  refused  by  them ;  for  cases  occur,  where  the 
force  can  be  measured,  in  the  most  natural  manner,  by 
the  actual  pressure  which  it  exerts.  Gravity  is  thus  mea- 
lured  by  the  pressure  which  a  stone  exerts  on  its  supports. 
A  weight  which  at  Quito  will  pull  out  the  rod  of  a  spring 
steelyard  to  the  mark  312,  will  pull  it  to  313  at  Spits- 
bergen. And  it  is  a  fact,  that  a  body  will  fall  313  inches 
at  Spitsbergen  in  the  same  time  that  it  falls  312  at  Quitow 
Gravitation  is  the  cause  both  of  the  pressure  and  the  fall ; 
and  it  is  a  matter  of  unexcepted  observation,  that  they 
have  always  the  same  ratio.  The  philosophers  who  have 
so  strenuously  maintained  the  other  measure  of  forces,  are 
among  the  most  eminent  of  those  who  have  examined  the 
motions  produced  by  gravity,  magnetism,  electricity,  &c. ; 
and  they  never  think  of  measuring  those  forces  any  other 
way  than  by  the  velocity.  It  is  in  this  way  that  the 
whole  of  the  celestial  phenomena  are  explained  in  perfect 
uniformity  with  observation,  and  that  the  Newtonian  phU 
Idsophy  is  considered  as  a  demonstrative  science. 

There  must,  therefore,  be  some  defect  in  the  principle 
on  which  the  other  measurement  of  forces  is  built,  or  in  the 
method  of  applying  it.  Pressure  is  undoubtedly  the  ira* 
mediate  and  natural  measure  of  force;  yet  we  know  that 
four  springs,  or  a  bow  four  times  as  strong,  give  only  a 
double  velocity  to  an  arrow. 

The  truth  of  our  law  rests  on  this  only^  that  we  assume 
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Ae  dianges  of  motion  as  tke  measure  of  the  changing 
forces;  or,  at  least,  as  the  measures  of  their  exertions  in  * 
producing  motion.  In  fact,  th^  are  the  measunn  onlj 
of  a  certain  circumstance,  in  which  the  actions  of  very 
dififereiit  natural  powers  may  resemble  each  other ;  namely^ 
Ihe  competency  to  produce  motion.  They  do  not,  perhaps^ 
measure  their  competency  to  produce  heat,  or  eren  to 
bend  springs.  We  can  surely  consider  this  apart  from  all 
other  circumstances ;  and  it  is  worthy  of  separate  const* 
deration.  Let  us  see  what  can  be,  and  what  ought  to  be, 
deduced  from  this  way  of  treating  the  subject. 
98.  The  motion  of  a  body  may  certainly  remain  unchanged* 
If  the  direetiQii  and  velocity  remain  the  same,  we  perceiw 
no  circumstance  in  which  its  condition,  with  respect  to 
motion,  dif&rs.  lu  change  of  place  or  situation  can  make 
dio  difference ;  fpr  this  is  implied  in  the  vary  cireumstanct 
of  the  bodies  being  in  motion. 

But  if  either  the  velocity  or  direotion  change,  then 
surely  is  its  mechanical  condition  no  longer  the  same ;  a 
force  has  acted  on  it,  cither  intrinsic  or  from  without, 
either  accelerating,  or  retarding,  or  deflecting  it.    Suppos- 
ing the  direction  to  remain  the  same,  its  difference  of  con« 
dltioB  can  consist  in  nothing  but  its  difference  of  velocity. 
This  is  the  only  circumstance  in  which  its  condition  can 
differ,  as  it  passes  through  two  difEsrent  points  of  its  rec- 
tilineal path.     It  is  this  determination  by  which  the  body 
will  describe  a  certain  determinate  space  uniformly  itf  a 
given  time,  which  defines  its  condition  as  a  moving  body : 
the  changes  of  this  determination  are  the  measures  of  their 
own  causes  ;— and  to  those  causes  we  have  given  the  name 
foree.    Those  causes  may  reside  in  other  bodies,  which 
may  have  other  properties,  characterised  and  measured  by 
other  effects.     Pressure  may  be  one  of  those  properties^ 
and  may  have  its  oMm  measures  ;  these  may,  or  may  not, 
have  the  same. proportion  with  that  property  which  is  tho 
cause  of  a  change  of  relocity :  and  therefore  changes  of 
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Telocit J  may  not  be  a  measure  of  prenure.  This  Js  A 
question  of  fact,  and  requires  observation  and  experience  i 
buty  in  the  mean  time,  velocity,  and  the  change  of  velo- 
city, is  the  measure  of  moving  force  and  of  changing  forces 
When  therefore  the  change  of  velocity  is  the  same,  what- 
over  the  previous  velocity  may  be,  the  changing  force  must 
be  considered  as  the  same :  therefore,  finally,*  if  the  previ- 
ous velocity  is  nothings  and  consequently  the  change  on 
that  body  is  the  very  velocity  or  motion  that  it  acquires^ 
we  must  say  that  the  force  which  produces  a  certain  change 
in  the  velocity  of  a  moving  body,  is  the  same  with  the 
force  which  would  impart  to  a  body  at  rest  a  velocity 
equal  to  this  change  or  difference  of  velocity  produced  oft 
the  body  already  in  motion. 

This  manner  of  estimating  force  is  in  perfect  conformity 
to  our  most  familiar  notions  on  these  subjects.     We  con^ 
ceive  the  weight  or  downward  pressure  of  a  body  as  the 
cause  of  its  motion  downwards ;  and  we  coneeive  it  as  be- 
longing to  the  body  at  all  times,  and  in  all  places,  whether 
falling,  or  rising  upwards,  or  describing  a  parabola^  or  ly- 
ing on  a  table ;  and,  accordingly,  we  observe,  that  in  every 
state  of  motion  it  ^receives  equal  changes  of  velocity  in 
the  same,  or  an  equal  time^  and  aU  in  the  directian  of  its 
pressure. 

All  that  we  have  no^  said  of  a  change  of  velocity  might 
be  repeated  of  a  change  of  direction.  It  is  surely  possible 
that  the  same  change  of  direction  may  be  made  on  any 
two  motions.  Let  one  of  the  motions  be  considered  as 
growing  continually  slower,  and  terminating  in  rest.  Iq 
every  instant  of  this  motion  it  is  possible  to  make  one 
and  the  same  change  on  it.  The  same  change  may  therei' 
fore  be  made  a^  the  very  instant  that  the  motion  is  at  an 
end.  In  this  case,  the  change  is  the  very  motion  whicb 
the  body  acquires  from  the  changing  force.  Therefore^- 
in  this  case  also,  we  must  say,  that  a  change  of  motion  ia 
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itself  a  motion,  and  that  it  is  the  motion  which  the  force 
would  produce  in  a  bodj  that  was  previously  at  rest 

The  result  of  these  observations  is  evidently  this,  that 
we  must  ascertain,  in  every  instance,  whc^  is  the  change 
of  motion,'  and  mark  it  by  diaracters  that  are  con^icuous 
and  distinguishing ;  and  thi&  mark  and  measure  of  change 
must  be  a  motion :  Then  we  must  say,  that  the  changing 
force  is  that  which  would  produce  this  motion  in  a  body 
previously  at  rest.  We  must  see  how  this  b  manifest,  as  a 
changeof  motion  is  thedi£Rerence between theformermotioB 
and  the  new  motion ;  and,  on  the  other  hand,  we  must  see 
how  the  motion  produceable  in  a  quiescent  body  may  be 
so  combined  with  a  motion  already  existing,  as  to  exhibit 
a  new  motibn,  in  which  the  agency  of  the  changing  foibe 
may  appear. 

.  Suppose  a  ship  at  anchor  in  a. stream ;  while  one  matt 
walks  forward  on  the  quarter  deck  at  the  rate  of  two  miles 
per  hauTy  another  walks  from  stem  to  stem  at  the  same 
rate,  a  third  walks  athwart  ship,  and  a  fourth  stands  still. 
Let  the  ship  be  supposed  to  cut  or  part  her  cable,  and 
float  down  the  stream  at  the  rate  of  three  miles  per  hour. 
We  cannot  conceive  any  difference  in  the  change  made  on 
each  man^s  motion  in  absolute  space ;  but  their  motions 
are  now  exceedingly  different  from  what  they  wene :  the 
first  man,  whom  we  may  suppose  to  have  been  walking 
westward,  is  now  moving  eastward  one  mite  per  hour; 
the  second  is  moving  eastward  four  miles  per  hour ;  and 
the  third  is  moving  in  an  oblique  direction,  about  three 
points  north  or  south  of  due  east.-  All  have  suffered  the 
same  change  of  condition  with  the  man  who  had  been 
standing  st'dl.  He  has  now  got  a  motion  eastward  three 
miles  per  hour.  In  this  instance,  we  see  very  Well  the 
circumstance  of  sameness  that  obtains  in  the  change  of 
these  four  conditions.  It  is  the  motion  of  the  ship,  which 
is  blended  with  the  other  motions.  But  this  circumstance 
is  equally  present  whenever  the  same  previous  motions  are 
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chsoged  fnto  the  same  new  motiaiis.  We  must  letrh  td 
cxpiscate  this ;  Which  we  shall  do,  by  considering  the  man^ 
Her  in  which  the  motion  of  the  ship  is  blended  with  each 
of  the  men'*s  motions. 

4S.  This  kind  of  combination  has  been  called  the  cdM<- 
vosiTiON  or  ■otioK ;  because,  in  every  point  of  the  mo^ 
lion  really  pursued,  the  two  motions  are  to  be  found. 

The  fundamental  theorem  on  thb  subject  is  this  :-i*-Two 
vnifonn  motions  in  the  sides  of  a  parallelogram  compose 
an  uniform  nlotlon  in  the  diagonal. 

Suppose  that  a  point  A  (Plate  I.  fig.  1.)  described  AB 
uniforasly  in  some  given  time,  while  the  line  AB  is  cai^ 
ried  uniformly  along  AC  in  the  same  time,  keeping  alwaya 
parallel  to  its  .first  position  AB.  The  point  A^  by  tM 
combination  of  these  motions,  will  describe  AD,  the  diago« 
Bal  of  the  parallelogram  ABDC,  uniformly  in  the  same 
Ikne. 

For  it  itf  plain,  that  the  relocities  in  AB  and  AC  are 
proportional  to  AB  and  AC,  because  they  are  uniformly 
described  in  the  same  time.  When  the  point  has  got  tif 
£,  the  middle  of  AB,  the  line  AB  has  got  into  the  situsk 
ation  GH,  half  way  between  AB  and  CD,  and  the  point 
£  is  in  the  place  e,  the  middle  of  6H.  Draw  E  e  L  pa.^ 
rallelrto  AC.  It  is  plain,  that  the  parallelograms  ABDC 
and  A£  e  G  are  similar ;  because  A£  and  AG  are  the 
halves  of  AB  and  AC,  and  the  angle  at  A  is  common  i0 
both.  Therefore,  (Euclid,  Book  VI.  Prop,  xsvi.)  they 
are  about  the  same  diagonal,  and  the  point  e  b  in  the  dia^ 
gonal  of  AD*  In  like  manner,  it  may  be  shewH,  thai 
when  A  hat  described  AF,  fths  of  AB,  the  line  AB  will 
be  in  the  situation  IK,  so  that  A I  is  jths  of  AC,  and  the 
point/,'  in  which  A  is  now  found,  is  in  the  diagonal  ADw 
It  will  be  the  same  in  whatever  poiiit  of  AB  the  describing 
point  A  be  supposed  to  be  found.  The  line  AB  will  be 
on  a  similar  point  of  AC>  and  the  describing  point  will  be 
in  the  diagonal  AD. 
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.  Mokvoverv  Uie  motion  in  AD  is  uniform ;  for  A «  is 
described  in  the  time  of  describing  A£l ;  that  is,  in  half 
the  time  of  describing  AB,  or  in  half  the  time  of  de- 
acribing  AD.  In  like  mannar^  A/  is  described  in  |ths 
of  tb«  time  of  describing  AD,  &c.  &e. 

Jjastiy^  the  velocity  in  the  diagonal  AD  is  to  the  velc^ 
city  in  either  of  the  sides  as  AD  is  to  that  side;  This  is 
'evident^  because  .tii«|y  are  uniformly  described  in  the  same 
time. 

This  is  justly  called  a  iotrnposttion  o^  tht  motiam  AB  and 
AC,  as  will  appear  by  considering  it  in  the  following  man^ 
toer :  Let  the  lines  AB  AC  be  ^nceived  as  two  mat^ial 
lines  like  wires^  Let  AB  mdve  uniforionly  from  the  situ^ 
aiion  AB  into  the  situation  CD^  while  AC  moves  unlii 
formly  into  the  situation  BD.  It  is  plain,  that  their  in« 
teraection  will  always  be  found  oh  AD.  The  point  e,  for 
example,  is  a  point  common  to  both  lines.  Considered  as 
a  point  of  £L>  it  is  then  moving  in-  the  direction  e  H  or 
AB ;  and,  considered  as  a  point  of  GH^  it  is  moving  in 
the  direction  e  L.  Both  o^  these  motions  are  therefore 
Mended  in  the  motion  of  the  intersection  alotig  AD.  We 
cap  conceive  a  small  ring  at  c^  embracing  loosely  both  of 
the  wjres.  This  material  ring  will  move  in  the  diagonal^ 
and  wUi  ratify  partake  of  both  motions. 

.  Thus  we  see  how  the  motion  of  the  shall  is  actually- 
blended  with  the  motions  of  the  three  men ;  And  the  cir- 
cumstance of  sameness  which  is  to  be  found  in  the  four 
changes  of  inotion  is  this  motion  of  the  ship,  or  of  the 
inan  who  was  standing  still.  By  composition  with  each 
bf  the  three  former  motions^  it  prtKltices  each  of  th^  three 
new  motionsi  Now,  when  each  of  two  primitive  motiooa 
i^  the  same,  and  each  of  the  new  motions  is  the  same^  the 
change  is  surefy  the  same.  If  one  of  the  changes  has  been 
brought  about  by  the  actual  cotnjposition  of  motions,  we 
know  precisely  what  that  change  is ;  and  this  informs  us 

VOL.  I.  ft 
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what  the  othefr  is,  in  whatever  way  it  was  produced. 
Hence  we  infer,  that 

43.  When  a  motion  is  any  how  changed^  the  change  is  that 
mwHon  whichj  when  compounded  with  the  former  motion^  wiU 
produce  the  new  moli&n.  Now,  because  we  assume  the 
change  as  the  measure  and  characteristic  of  the  changing 
force,  we  must  do  so  in  the  present  instance ;  and  we 
must  saj, 

44.  That  the  changing  force  is  that  which  will  produce  in 
a  quiescent  body  the  malum  whithy  fry  camposkion  with  the 
former  motion  of  a  body^  will  produce  the  new  mx^ion. 

And,  on  the  other  hand. 

When  the  motion  of  a  body  is  changed  by  the  action  of  any 
farccj  the  new  motion  is  that  which  is  compounded  of  the  for* 
mxT  motion,  and  of  the  motion  which  the  force  would  produce 
in  a  quiescent  body. 

When  a  force  changes  the  direction  of  a  motion,  we 
see  that  its  direction  is  transverse  in  some  angle  BAC ; 
because  a  diagonal  AD  always  supposes  two  sides.  As 
we  have  distinguished  any  change  of  direction  by  the 
term  deflection,  we  may  call  the  transverse  force  a  db- 

PLBCTING  FORCE. 

In  this  way  of  estimating  a  change  of  motion,  all  the 
characters  of  both  motions  are  preserved,  and  it  expresses 
every  circumstan<*e  of  the  change ;  the  mere  change  of 
direction,  or  the  angle  BAD,  is  not  enough,  because  the 
same  force  will  make  different  angles  of  deflection,  ac^ 
cording  to  the  velocity  of  the  former  motion,  or  accord- 
ing to  its  direction  :  but  in  this  estimation,  the  full  effect 
of  the  deflecting  force  is  seen;  it  is  seen  as  a  motion;  for 
when  half  of  the  time  is  elapsed,  the  body  is  at  e  instead 
of  E ;  when  three-fourths  are  elapsed,  it  is  at  /  instead 
^f  F ;  and  at  the  end  of  the  time  it  is  at  D  instead  of  B. 
In  short,  the  body  has  moved  uniformly  away  from  the 
points  at  which  it  would  have  arrived  independent  of  the 
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change ;  and  this  motion  has  been  in  the  same  direction, 
and  at  the  same  rate,  as  if  it  bad  mored  from  A  to  C  by 
the  changing  force  alone.  •  Each  force  has  produced  its 
full  effect ;  for  when  the  body  is  at  D,  it  is  as  fer  from 
AC  as  if  the  force  AC  had  not  acted  on  it ;  and  it  is  as 
far  from  A  B  as  it  would  have  been  by  the  action  of  AC 
done. 

For  all  these  reasons,  therefore,  it  is  evident,  that  if 
We  are  to  abide  by  our  measure  and  character  of  force  as 
a  mere  producer  of  motion,  we  hare  selected  the  proper 
characteristic  and  measure  of  a  chan^hg  force ;  and  oar 
descriptions,  in  conformity  to  this  selection,  must  be  agree* 
able  to  the  phenomena  of  nature,  and  retain  the  accuracy 
of  geometrical  procedure ;  because,  on  the  other  hand, 
ithe  results  which  we  deduce  flrom  the  supposed  influence 
of  those  forces  are  formed  in  the  same  mould.  It  is  not 
even  requisite  that  the  real  elertioAs  of  the  natural  forces, 
such  as  pressurie  of  various  kinds,  &c.  shall  follow  these 
rules ;  for  their  deviations  will  be  considered  as  new  forces, 
although  they  are  only  indications  of  the  differences  of 
the  real  forces  Trom  our  hypothesis.*  We  haire  obtained 
the  precious  advantage  of  mathematical  investigation,  by 
which  we  can  examine  the  law  of  exertion  which  charac* 
terised  every  force  in  nature. 

On  these  principles  we  establish  the  following  funda- 
mental elementary  proposition,  of  continual  and  indis- 
pensable lise  in  all  mechanical  inquiries. 

45.  If  a  body  or  material  particle  be  svbjeciedat  the  same  ttme 

to  the  action  of  two  footing  foree$,  each  of  which  would 

^epatalely  cause  it  to  describe  the  aide  of  a  parallelogram 

iimformfy  in  a  given  time^  the  body  will  describe  the  dia^ 

gonat  uniformly  in  the  samt  h'me. 

For  the  body,  whose  motion  AB  was  changed  into  AD, 

had  gotten  its  motion  by  the  action  of  some  force.     It 

was  mofing  along  NAB ;  and,  Vrhen  it  reached  the  point 

A,  the  force  AC  acted  on  it.    The  primitive  motion  is 
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the  same,  or  the  body  is  in  the  samcf  cokiditioti  in  every 
instant  of  the  primitive  motion.  •  It  may  have  acquired 
this  -motion  when  it  was  in  N,  or  when  at  O,  or  any  other 
point  of  NA*  In  all  these  cases,  if  AC  act  on  it  when  it 
is  in  A,  it  will  always  describe  AD;. therefore  it  will  de- 
scribe AD  when  it  acquires  th«  primitive  motion  also  in 
A ;  that  is,  if  the  two  forces  act  on  it  at  one  and  the  same 
instant.  The  demonstration  may  be  neatly  expressed  thus : 
The  change  induced  by  each  force  on  the  motion  produced 
by  the  other,  is  the  motion  which  it  would  produce  in  the 
body  if  previously  at  rest.  Therefore  the  motion  resulting 
irom  their  joint  action  is  the  motion  which  is  compounded 
of  these  two  motions ;  or  it  is  a  motion  in  the  diagonal  of 
the  parallelogram,  of  which  these  motions  are  the  sides. 

This  is  called  the  Composition  of  Forces.  The  forces 
which  produce  the  motions  along  the  sides  of  the  paraU 
lelogram  are  called  the  Simplb  Forces,  or  the  Consti- 
tuent Forces  ;  and  the  forice  which  would  alone  produce 
the  motion  along  the  diagonal  is  called  the  Compound 
Force,  the  Resulting  Forcs,  the  Equivalent  Force. 

46.  On  the  other  hand,  the  force  which  produces  a  ma» 
tion  along  any  line  whatever,  may  be  conceived  as  result^* 
ing  from  the  combined  action  of  two  or  more  forces.  We 
may  know  or  observe  it  to  be  so ;  as  when  we  see  a  lighter 
dragged  along  a  canal  by  two  horses,  one  on  each  side : 
Each  pulls  the  boat  directly  toward  himself  in  the  direc«> 
tion  of  the  track-rope ;  the  boat  cannot  go  both  ways  ; 
and  its  re^l  motion,  whatever  it  is,  results  from  this  com- 
bined action.  This  might  be  produced  by  a  single  force ; 
for  example,  if  the  lighter  be  dragged  along  the  canal  by 
a  rope  from  another  lighter  which  precedes  it^  being  drag- 
ged by  one  horse,  aided  by  the  helm  of  the  foremost  light- 
er. Here  the  real  force  is  not  the  resulting,  or  the  com-^ 
pound,  but  the  equivalent  force. 

This  view  of  a  motion,  mechanically  produced,  is  call- 
ed the  Resolution  of  Forces.    The  force  in  the  diagonal 
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is  said  to  be  resolved  into  the  two  foroes,  having  the  di« 
rections  and  velocities  represented  by  the  sides.  This 
practice  is  of  the  most  extensive  and  multifarious  use  in 
all  mechanical  disquisitions.  It  maj  frequently  be  ex- 
ceedingij  difficult  to  manage  the  complication  of  the  many 
real  forces  which  concur  in  producing  a  phenomenon ;  and 
by  substituting  others,  whose  combined  effects  are  equi«> 
valent,  our  investigation  may  be  much  expedited.  But 
more  of  this  afterwards. 

We  must  carefully  remember,  that  when  the  motion 
AD  is  once  begvin,  ail  composition  is  at  an  end,  and  the 
motion  is  a  simple  motion.  The  two  determinations,  by 
one  of  which  the  body  would  describe  AB,  and  by  the 
other  of  which  it  would  describe  AC,  no  longer  eo^xiat 
in  the  body.  This  was  the  case  only  tit  the  in$tanty  in  the 
very  act  of  changing  the  motion  AB  into  the  motion  BD ; 
yet  is  the  motion  AD  equivalent  to  a  motion  which  is 
produced  by  the  actttal  compontion  of  two  motions  AB  and 
AC;  in  which  case  the  two  motions  co-exist  in  every 
point  of  AD, 

47.  Accordingly,  this  is  the  way  in  which  the  composi- 
tion of  forces  is  usually  illustrated,  and  thought  to  be  de- 
monstrated. A  man  is  supposed  (for  instance)  to  walk 
uniformly  from  A  to  C  on  a  sheet  of  ice,  while  the  ice  is 
carried  uniformly  along  AB  by  the  *  stream.  Th«  man^s 
real  motion  is  undoubtedly  along  AD ;  but  this  isi  by  no 
means  a  demonstration  that  the  instantaneous  or  short- 
lived action  of  two  forces  would  produce  that  motion ; 
the  man  must  continue  to  exert  force  in  order  to  walk, 
and  the  ice  is  dragged  along  by  the  stream.  Some  indeed 
express  this  proof  in  another  way,  snying,  let  a  body  de- 
scribe AB,  while  the  space  in  which  this  motion  is  per- 
formed is  carried  along  AC.  The  ice  may  be  carried 
along,  and  may,  by  friction,  or  otherwise,  drag  the  man 
along  with  it ;  but  a  space  cannot  be  removed  from  one 
place  to  jmother, .  nor,  if  it  could^  would  it  ti|ke  the  maq 
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with  it  Should  a  ship  slart  suddenly  forward  while  a 
man  is  walking  across  the  deck,  he  would  be  left  behind, 
and  fail  toward  the  stem.  We  nsust  tuppose  a  transverse 
forces  and  we  must  9wppo^  the  cotnpolsition  pf  this  force 
without  proof.     This  is  no  demonstration. 

We  apprehend,  that  the  demonstration  given  above  of 
this  fundamental  proposition  is  unexceptionable,  when  the 
terms  ybrce  and  d^ciion  are  used  in  the  abstract  sense 
which  we  have  affixed  to  them ;  and  we  hope,  by  these 
means,  to  maintain  the  rigour  of  mathematical  discussion 
in  all  our  future  disquisitions  on  these  subjects.  The  only 
circumstance  in  it  which  can  be  the  subject  of  discussion 
is,  whether  we  have  selected  the  proper  measure  and  cha* 
racteristic  of  a  change  of  motion.-— We  never  met  with 
any  objection  to  it 

46.  But  soine  have  still  maintained,  that  it  does  not 
evidently  appear,  from  these  principles,  that  the  motioa 
which  results  from  the  joint  action  of  two  natural  powers, 
whose  known  and  measurable  intensities  have  the  same 
proportions  with  AB  and  BC,  and  which  also  exert  them* 
selves  in  those  directions,  will  produce  a  motion,  having 
the  direction  and  proportion  of  AD.    They  will  not,  V 
the  velocities  .produciied  by  these  forces  are  no^  in  the  pro- 
portion of  those  intensities,  but  in  the  subduplicate  ratio 
of  thepi.     Nay,  they  say,  that  it  is  not  so.     If  a  body 
be  impelled  along  AC  by  one  spring,  and  along  AB  by 
two  springs  ec^ually  strong,  it  will  not  describe  the  diago- 
nal of  a  parallelogram,  of  which  the  side  AB  is  double 
the  side  AC.    Nay,  they  add,  that  an  indefinite  number 
of  examples  can  be  given  where  a  body  dioet  noi  describe 
the  diagonal  of  the  parallelogram  by  the  joint  action  of 
two  forces,  which,  separately,  would  cause  it  to  describe, 
the  aides.    And,  lastly,  they  say,  that,  at  any  rate,  it 
does  not  appear,  evident  to  the  mind,  that  two  incitemaUa 
i,o  motion,  having  the  directions  and  the  same  proportion 
9f  intensity  with  that  of  the  sides  of  a  parallelogram,  ac- 


tuftf  generate  a  third,  which  is  the  immediate  cause  of 
the  motiott  in  the  diagonal  An  equivalent  force  is  not 
the  same  with  a  resulting  force* 

40.  Y«t  we  see  numberless  cases  of  the  composition  of  ii^ 
citements  to  motion,  and  they  seem  as  detenninate,  and 
as  sttsceptMe  of  being  eomhioed  by  composition,  as  the 
things  called  moring  iotces,  which  am  measured  by  the 
Telodties :  we  see  them  actually  so  combined  in  a  thousand 
instances,  as  in  the  example  already  given  of  a  lighter 
dragged  by  two  horses  pulling  in  d^erent  directi^wi. 
Nay,  experiment  shews,  that  this  composition  foUofite 
precisely  the  same  rule  as  the  composition  of  the  forces 
which  are  measured  by  the  velocities;  for  if  the^oint  A 
(fig.  1.)  be  pulled  by  a  Uuread,  or  pressed  by  a  sprk^,  in 
the  direction  AB,  and  by  another  in  the  directicm  AC, 
-and  if  the  pressures  are  prefwrtienal  to  AB  and  AC,  then 
it  wHl  be  withheld  from  moving,  if  it  be  pulled  or  pressed 
by  a  third  force,  acting  in  the  direction  Ady  opposite  to 
AD«  the  pressure  being  also  proportionul  to  AD.  This 
4broe,  acting  in  the  direction  Acl,  would  certainly  with- 
stand an  equal  force  acting  in  the  direction  AD ;  there- 
fore we  must  conclude,  that  the  two  pressunts  AB  and 
AC  really  generate  a  focce  AD.  This  uniform  agreement 
«hews  that  the  coo^sition  is  deduoible  from  fixed  prin- 
4:iples;  but  it  does  not  appear  that  it  can  be  held  as  de* 
raonstrated  by  the  arguments  employed  in  the  case  of  mo- 
tions. A  demonstration  of  the  compi>sitaon  of  pressures 
is  still  wanted,  in  order  to  render  mechanics  a  demonstra- 
tive scienoe. 

Accordingly,  philosophers  of  the  first  eminence  bare 
iumed  their  attention  to  this  problem.  It  is  by  no  means 
easy;  being  so  nearly^  allied  to  first  principles,  that  it 
must  be  difficult  to  find  axioms  .of  greater  simplicity  bjf 
which  it  may  be  proved. 

Mechanicians  generally  contented  themselves  with  the 
aohitiin  given  by  Aristotle*^  but  this  is  merely  a  «omposi- 
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tion  of  motione :  indeed  he  does  not  gire  it  for  any  liiing 
«l8^,  and  calls  it  *<  wmk»*t  *m  fmmT  The  first  writer  who 
appears  to  have  considered  it  as  different  from  the  mere 
composition  of  motions,  was  the  celebrated  Dutch  engU 
aeer  Sterinus  in  his  work  on  Sbdees;  but  his  solution  is 
obscure.  It  was  sufficient,  however,  to  convince  Daniel 
Bernoulli  of  the  necessity  and  the  difficulty  of  the .  pro- 
blem. He  has  given  the  first  complete  demonstration  of 
it  in  the  first  volume  of  the  Commentaries  of  the  Impe* 
rial  Academy  of  Sciences  at  St  Petersburgh.  It  is  ex- 
tremely ingenious;  but  it  is  tedious  and  intricate,  re- 
quiring a  series  of  fifteen  propositions  to  demonstrate  that 
two  pressures,  having  the  directions  and  magnitudes  of  the 
sides  of  any  parallelogram,  compose  a  third,  which  has 
the  direction  and  magnitude  of  its  diagonal.  His  first 
prq>osition  is,  that  two  eqtuU  prtitureSf  aUing  a$  right  a»- 
gksj  compose  a  third,  in  the  iirecti<m  of  the  diagonal  of  a 
equate^  and  having  to  either  of  the  other  two  the  proportum 
of  the  diagonal  of  a  equdre  to  ite  sides. 

Mr  D^Alembert  has  greatly  simplified  and  improved 
this  demonstration,  by  beginning  with  a  case  that  is  self- 
evident  ;  namely,  If  three  eqnal  forces  are  ijicHned  to  each 
other  in  equal  ungles  of  180  degrees^  amy  one  ofthemwill  te- 
bmce  the  combined  action  of  the  other  two.  Surely ;  for  nei- 
ther of  them  can  prevail.  Therefore  (too  equal  forces,  in- 
clined in  an  angle  of  120  degrees,  produce  a  third,  which 
has  the  direction  and  proportion  of  the  diagonal  of  the 
rhombus ;  for  this  is  equal  and  c^posite  to  one  of  the  three 
above  mentioned.  He  then  demonstrates  the  same  thing 
of  two  equal  forces  inclined  in  any  angle ;  and  by  a  series 
of  eight  propositions  more,  demonstrates  the  general  the- 
oirem.  This  dissertation  is  in  the  Memoirs  of  the  Aca- 
demy at  Paris  for  1769*  He  improves  it  still  farther  in 
a  subsequent  memoir. 

Mr  Riccati  lu^d  Mr  Fonsenez,  in  the  Commentaries  of 
the  Academy  of  T^usia,  have  given  analytical  demonstm- 
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tioBSy  which  are  also  very  ingenious  and  eoncise,  but  re<- 
qaire  acquaintance  with  the  higher  mathematics.— There 
is  another  rery  ingenious  demonstration  in  the  Journal  dcB 
Sgaoans  for  June  1764,  but  too  obscure  for  an  elementary 
proposition.  It  is  someirhat  simplified  bj  Belidor  in  his 
Ingemiarr  Franfois.  Frisius,  in  his  Cotmographxa^  has 
giren  one,  which  is  perhaps  the  best  of  all  those  that  are 
easilj  comprehended  without  an  acquaintance  with  the 
higher  mathematics :  but  we  imagine  that,  although  no  one 
can  doubt  of  the  conclusion,  it  has  not, that  intuitive  evi- 
dence for  every  step  of  the  process  that  seems  necessary. 

50,  We  here  offer  another,  composed  by  blending  toge- 
ther the  methods  of  Bernoulli  and  D^Alembert ;  and  we 
imagine  that  no  objection  can  be  made  to  any  step  of  it. 
We  limit  it  entirely  to  pressures,  and  do  not  at  all  consi*- 
der  nor  employ  the  motions  which  they  may  be  supposed 
to  produce. 

(A)  If  two  equal  and  opposite  pressures  or  incitements 
to  motion  act  at  once  on  a  material  particle,  it  suffers  no 
change  of  motion ;  for  if  it  yields  in  either  direction  by 
their  joint  action,  one  of  the  pressures  prevails,  and  they 
'are  not  equal. 

£qual  and  opposite  pressures  are  said  to  balancb  each 
other ;  and  such  as  balance  must  be  esteemed  equal  and 
opposite. 

(B}  If  a  and  b  are  two  magnitudes  of  the  same  kind» 
proportional  to  the  intensities  of  two  pressures  Which  act 
in  the  same  direction,  then  the  magnitude  a  «f>  6  will  mea* 
sore  the  intensity  of  the  pressure,  which  is  equivalent, 
and  may  be  called  equal,  to  the  combined  effort  of  the 
other  two ;  for  when  we  try  to  form  a  notion  of  pressure 
as  a  nneasurabie  magnitude,  distinct  from  motion  or  any 
other  effect  of  it,  we  find  nothing  that  we  can  measure  it 
bj  but  another  pressure.  Nor  hare  we  any  notion  of  a 
double  or  triple  pressure  different  from  a  pressure  that  is 
equivalent  to  the  joint  effort  of  t^p  qr  three  equal  preah 
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nires.  A  preuore  a  is  aoooanted  triple  of  a  preisure  b, 
if  it.balances  three  pressurea,  each  equal  to  b,  acting  Uv 
gether.  Therefore,  in  all  proportions  which  can  be  ex- 
pressed by  numbers,  we  most  acknowledge  the  legitimacy 
of  this  measurement ;  and  it  would  surely  be  i^EectaUoft 
to  omit  those  which  the  mathematicians  call  memmnmf 

In  like  manner,  the  magnitude  a  -—  6  must  be  acknow- 
ledged to  measure  that  pressure  which  arises  from  the  jcnnl 
action  of  two  pressures  a  and  6  acting  in  oj^site  direct 
tions,  of  which  a  is  the  greatest. 

(C)  Let  ABCD  and  Ab  Ci  (fig.  A  bottom  of  Plate  I.) 
be  two  rhombuses,  which  have  the  common  diagonal  AC. 
Let  the  angles  BA&^  DAd,  be  bisected  by  the  straight 
lines  A£  and  AF. 

If  there  be  drawn  from  the  points  E  and  F  the  lines 
EG,  EH,  F^,  .F  A,  making  equal  angles  on  each  side  of 
£A  and  FA,  and  if  G^,  HA  be  drawn,  catting  the  dia- 
gonal AC  in  I  and  L :  then  AI  +  AL  will  be  greater  at 
less  than  AQ,  the  half  of  AC,  according  as  the  anglcB 
GEH,  ^  F  A,  are  greater  or  less  than  GAH,  ^ AA. 

Draw  GH,  ^A,  cutting  A£  AF,  in  O  and  o,  and  draw 
Oo,  cutting  AC  in  E. 

Because  the  angles  AEG  and  EAG  are  respectively 
equal  to  AEH  and  £AI{,  and  AE  is  common  to  both  tri*  « 
angles,  the  sides  AG,  6E  are  respectively  equal  to  AH^ 
HE,  and  GH  is  perpendicular  to  AE,  and  is  bisected  in 
O ;  for  the  same  reason,  g*  A  is  bisected  in  o.  Therefore 
the  lines  Gg>,  Oo,  HA,  are  parallel,  and  IL  is  bisected 
in  K.  Therefore  AI  -4-  AL  is  equal  to  twice  AE.  More- 
over, if  the  angle  GEH  be  greater  than  GAH,  AO  as' 
greater  than  EO,  and  AE  is  greater  than  EQ.  There- 
fore AI  +  AL  is  greater  than  AQ ;  and  if  the  angle 
GEH  be  less  than  GAH,  AI  -f*  AL  is  less  than  AQ. 

(D)  Two  equal  pressures,  acting  in  the  directions  AB 
fnd  AC  (fig.  2.)f  at  right  angles  4o  eaph  otfaer^  oomposo- 
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8  preisiure  in  the  direction  AD,  which  bisects  Ihe  right 
angle;  and  its  intensity  is  to  the  intensity  of  each  of  the 
constituent  pressures  as  the  diagonal  of  a  square  is  to  one 
of  the  sides.  It  is  evident,  that  the  direction  of  the  pres* 
sure,  generated  by  their  joint  action,  will  bisect  the  angle 
formed  by  their  directions ;  because  no  reason  can  be  as? 
signed  for  the  direction  inclining  more  to  one  side  than  to 
the  other. 

In  the  next  place,  since  a  force  in  the  direction  AD 
does,  in  fact,  arise  from  the  joint  action  of  the  equal  pres* 
sures  AB  and  AC,  the  pressure  AB  may  be  conceived  as 
arising  from  the  joint  action  of  two  equal  forces  similarly 
inclined  and  proportioned  to  it.  Draw  EAF  perpendicu* 
lar  to  AD.  One  of  these  forces  must  be  directed  along 
AD,  and  the  other  along  AE*  In  like  manner,  die  pres- 
sure AC  may  afise  from  the  joint  action  of  a  pressure  in 
the  direction  AD,  and  an  equal  pressure  in  the  direction 
AF.  It  is  also  plain,  that  the  pressures  in  the  directions 
AE  and  AF,  and  the  two  pressures  in  the  direction  AD, 
must  be  all  equal.  And  also,  any  one  of  them  must  have 
the  same  proportion  to  AB  or  to  AC,  that  AB  or  AC  has 
to  the  force  in  the  direction  AD,  arising  from  their  joint 
action. 

Therefore,  if  it  be  said  that  AD  does  not  measure  the 
pressure  arising  from  the  joint  action  of  AB  and  AC,  let 
A  dj  greater  than  AD,  be  its  just  measure,  and  make  A  d : 
AB^ztAB:  Ag^  AB  :  A  e.  Then  Ag  and  A<  have  the 
same  inclination  and  proportion  to  AB  that  AB  and  AC 
have  to  A  d  We  determine,  in  like  manner,  two  forces 
A/ and  A  g  as  constituents  of  AC. 

Now  A  d  is  equivalent  %o  AB  and  AC,  and  AB  is  equi- 
valent to  A f  and  Ag ;  and  AC  is  equivalent  to  \f  and, 
Ag.  Therefore  A  d  is  equivalent  to  A  e,  A^  Ag  and  Ag. 
But  (a)  a  €  and  A/  balance  each  other,  or  annihilate 
each  other^s  effect ;  and  there  remain  only  the  two  forces 
^r  pressures  Ag,  Ag«    Therefore  (a)  their  measure  is  a 
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magnitude  equal  to  twice  A  g.  But  if  A  J  be  greater  than 
the  diagonal  AD  of  the  square,  whose  sides  are  AB 
and  AC ;  then  A  g  must  be  less  than  AI,  the  side  of  the 
square  whose  diagonal  is  AB.  But  twice  A^  is  less  than 
AD,  and  much  less  than  A  i.  Therefore  the  measure  of 
the  equivalent  of  AB  and  AC  cannot  be  a  line  A  d  greater 
than  AD.  In  like  manner,  it  cannot  be  a  line  A )  that  is 
less  than  AD.  Therefore  it  must  be  equal  to  AD,  and  the 
proposition  is  demonstrated. 

(£)  Cor.  Two  equal  forces  AB,*  AC^  acting  at  right 
angles,  will  be  balanced  bj  a  force  AO,  equal  and  oppo- 
site to  AD,  the  diagonal  of  the  square  whose  sides  are  AB 
and  AG  ;  for  AO  would  balance  AD,  which  is  the  equiya- 
lent  of  AB  and  AC. 

(F)  Let  AECF  (fig.  S.)  be  a  rhombus,  the  acute  angle 
of  which  EAF  is  half  of  a  right  angle.  Two  equal  pres- 
sures, which  have  the  directions  and  measures  AE,  AF, 
compose  a  pressure,  having  the  direction  and  measure  AC, 
which  is  the  diagonal  of  the  rhombus. 

It  is  evident,  in  the  first  place,  that  the  compound  force 
has  the  direction  AC,  which  bisects  the  angle  EAF.  If 
AC  be  not  its  just  measure,  let  it  be  AP  less  than  AC. 
Let  ABCD  be  a  square  described  on  the  same  diagonal^ 
and  make  AP :  AQ  =  AE  :  AO  =  AF  :  A  o.  Draw  KOG, 
Kog  perpendicular  to  AE,  AF;  draw  Gig*,  OHo,  EG, 
EK,  Fg",  FK,  PF,  and  PE. 

The  angles  CAB  and  FAE  are  equal,  each  being  half 
of  a  right  angle.  Also  the  figures  AEPF  and  AGEE  are 
similar,  because  AP  :  AQ  =  AE  :  AO.  Therefore  FA : 
AP  ==  KA  :  AE,  and  EA  :  AP  =  GA  :  AE.  There- 
fore,  in  the  same  manner  that  the  forces  AE,  AF  are  af. 
firmed  to  compose  AP,  the  forces  AG  and  AK  maj  com- 
pose the  force  AE,  and  the  forces«A^  and  AE  may  com- 
pose the  force  AF.  Therefore  (B)  the  force  AP  is  equi- 
valent to  the  four  forces  AG,  AE,  A^-,  AE.  But  (D) 
AG  and  A^  are  the  sides  of  a  square^  whose  diagonal  ia 
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equal. to  twice  AI:  and  the  two  forces  AE,  AK  are  equal 
tOj  or  are  measured  bj,  twice  AK.  Therefore  the  four 
forces  AG,  AE,  Ag-,  AE,  are  equivalent  to  2  AI  -f-  8 
AE,  =  4  AH. 

But  because  AP  was  supposed  less  than  AC,  the  angle 
FPE  is  greater  than  FAE,  and  GEE  is  greater  thanGAE, 
AO  is  greater  than  OE,  and  AH  is  greater  than  HQ,  and 
2  AH  is  greater  than  AQ ;  and  therefore  4  AH  is  greater 
than  AC,  and  much  greater  than  AP.  Therefore  AP 
is  not  the  just  measure  of  the  force  composed  of  AE  and 
AF. 

In  like  manner,  it  is  shewn,  that  AE  and  AF  do  not 
compose  a  force  whose  measure  is  greater  than  AC.  It 
is  therefore  equal  to  AC ;  and  the  proposition  is  demon- 
strated* 

(G)  By  the  same  process  it  may  be  demonstrated,  that 
if  BAD  be  half  a  right  angle,  and  EAF  be  the  fourth  of  a 
light  angle,  two  forces  A£,  AF  will  compose  a  force  mea- 
sured by  AC.  And  the  process  may  be  repeated  for  a 
rhombus  whose  acute  angle  is  Jth,  T^th,  &c  of  a  right 
angle;  that  is,  any  portion  of  a  right  angle  that  is^pro^ 
daced  by  continual  bisection*  Two  forces,  forming  the 
sides  of  such  a  rhombus,  compose  a  force  measured  by  the 
diagonal. 

(H)  Let  ABCD,  Abed  (fig.  4.)  be  two  rhombuses 
fornaed  by  two  consecutive  bisections  of  a  right  angle* 
Let  AECF  be  another  rhombus,  whose  sid^  AE  and  AF 
Usect  the  angles  BAb  and  DA^ 

The  two  forces  AE,  AF,  compose  a  force  AC. 

Bisect  AE  and  AF  in  O  and  o.  Draw  the  perpendicu- 
lars GOH,  goh^  and  the  lines  GI^,  OE  o,  HL  A,  and  the 
HnesEG,  EH,  Fg-,  F/<. 

It  is  evident,  that  AGEH  and  AgF  A  are  rhombuses ; 
because  AO  =  OE,  and  A  o  =r  o  F.  It  is  also  plain,  that 
ttncef  6  A  d  is  half  of  BAD,  the  angle  GAH  is  half  of  bAd. 
It  18  therefore  formed  by  a  continual  bisection  of  a  right 
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angle.  Therefore  (G)  the  forces  AG,  AH,  compose  a 
force  AE ;  and  Ag*,  A  A,  compose  the  force  AF.  There- 
fore  the  forces  AG,  AH,  Agy  A  A,  acting  together,  are 
equivalent  to  the  forces  AE,  AF  acting  together.  But 
AG,  Ag  compose  a  force  =r  2  AI ;  and  the  forces  AHj 
A  h  compose  a  force  .=:  S  AL.  Therefore  the  four  forces 
acting  together  are  equivalent  to  2  AI  -f-  ^  AL^  or  to  4 
AK.  But  because  AC  is  ^  AE  and  the  lines  Grg^Qo, 
H  A,  are  evidently  parallel,  4  AE  is  equal  to  2  AQ,  or  to 
AC  ;  and  the  proposition  is  demonstrated. 

(I)  Cor.  Let  us  now  suppose,  that  by  continual  bisec- 
tion of  a  right  angle  we  hare  obtained  a  terj  small  angle 
o  of  a  rhombus ;  and  let  us  name  the  rhombus  by  the  mul- 
tiple of  a  which'forms  its  acute  angle. 

The  proposition  (G)  is  true  of  a,  2  (^  4  a,  &c.  The 
{MToposition  (H)  is  true  of  3  a.  In  like  manner,  because 
(G)  is  true  of  4  a  and  6  a^  proposition  (H)  is  true  of  6  a ; 
and  because  it  is  true  of  4  a,  6  a,  and  8  a,  it  is  true  of 
5  a  and  7  a.  And  so  on  continually  till  we  have  demon- 
strated it  of  every  multiple  of  a  that  is  less  than  a  righl 
angle. 

(K)  Let  RAS  (fig.  5.)  be  perpendicular  to  ACj  and 
ABCi)  be  a  rhombus,  whose  acute  angle  BAD  is  some 
multiple  of  2  a  that  is  less  than  a  right  angle.  Let  AbCA 
be  another  rhombus,  whose  sides  A  by  Ad  bisect  the  angled 
RAB,  SAD.  Then  the  forces  Ab,  Ad  compose  a  force 
AC. 

Draw  i  R,  (f  S  parallel  to  BA,  DA.  It  is  evident,  that 
AR  b  B  and  AS  (2  D  are  rhombuses,  whose  acfute  angles 
are  multiples  of  a,  that  are  each  less  than  a  right  angle. 
Therefore  (I)  the  forces  AR  and  AB  compose  the  force 
A  by  and  AS,  AD  compose  Ad;  but  AR  and  AS  annihN 
late  eadh  other^s  effect^  and  there  remains  only  the  forces 
AB,  AD.  -Therefore  A  6  and  A  d  are  equivalent  to  AB 
and  AD,  which  compose  the  force  AC  ;  and  the  proposi- 
tion is  demonstrated. 


dVkamics.  63 

(L)  Cor.  Thus  is  the  corollary  of  last  proposition  ex- 
tended to  ewerj  rhombus,  whose  angle  at  A  is  some  mul- 
tiple of  a  less  than  two  right  angles.  And  since  a  n^ay  be 
taken  less  than  any  angle  that  can  be  named,  the  proposi- 
tion may  be  considered  as  demonstrated  of  every  rhombus : 
and  we  may  say, 

(M)  Two  eqiuU  forces,  inclined  to  each  ciher  in  an^  aiigfe, 
tompoee  a  force  which  tf  measured  by  the  diagonal  of  the 
rhombusj  whoee  ndes  are  the  measures  of  the  constituent 
jorces. 

(N)  Two  forces  AB,  AC  (fig.  6.),  having  the  direc- 
tion and  propcNTtion  of  the  sides  of  a  rectangle,  compose  a 
force  AD,  having  the  direction  and  proportion  of  the  dia- 
gonal. 

Draw  the  other  diagonal  CB,  and  draw  EAF  parallel 
to  it ;  draw  BE,  CF  parall^  to  DA. 

AEBG  is  a  rhombus ;  and  therefore  the  forces  AE  and 
AG  compose  the  force  AB.  AFCG  is  also  a  rhombus, 
tad  the  force  AC  is  equivalent  to  AF  and  AG.  There^ 
fore  the  forces  AB  and  AC,  acting  together,  are  equiva* 
knt  to  the  forces  AE,  AP,  AG,  and  AG  acting  together, 
te  to  AE,  AF,  and  AD  acting  together  i  But  AE  and  AF 
annihilate  each  other^s  action,  being  opposite  and  equal 
(for  each  is  eqnal  to  the  half  of  BC).  Therefore  AB  and 
AC  acting  together,  are  equivalent  to  AD,  or  compose 
the  force  AD. 

(O)  Two  forces,  which  have  the  direction  and  propor- 
tions of  AB,  AC  (fig.  7.)  the  sides  of  any  parallelogram, 
compose  a  force,  having  the  direction  and  proportion  of 
the  diagonal  AD 

Draw  AF  perpendicular  to  BD,  and  BG  an.d  DE  per- 
pendicular to  AC. 

Then  AFBG  is  a  rectangle,  as  is  also  AFDE ;  and 
AG  is  equal  to  CE.  Therefore  (N)  AB  is  equivalent  to 
AF  and  AG.  Therefore  AB  and  AC  acting  together, 
are  equivalent  to  AF,   AG,  and  AO  acting  together ; 
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that  is^  to  AF  and  AE  acting  together  $  that  is  (ii) 
to  AD ;  or  the  forces  AB  and  AC  compose  tfie  force 
AD. 

Hence  arises  the  most  general  proposition, 
61.  If  a  material  particle  be  urged  at  once  by  two.pressures 
or  incitemeTits  to  motiott^  whose  intensities  are  proportioned  to 
the  sides  of  any  parallelogram^  and  which  act  m  the  directions 
of  those  sides f  it  is  affected  in  the  same  manner  as  if  it  were 
acted  on  by  a  single  force^  whose  intensity  is  measured  by  the 
diagonal  of  the  parallelogram^  and  which  acts  in  its  direction  : 
Or,  two  pressures^  luxving  the  direction  and  prty^ortion  of  the 
sides  of  a  parallelogram^  generate  a  pressure f  having  tfie  di-» 
rection  and  proportion  of  the  diagonoL 

Thus  have  we  endeavoured  to  demonstrate  from  abstract 
j^nciplea  the  perfect  similarity  of  the  oomposition  of* 
pressures,  and  the  composition  of  forces  measured  by  the 
motions  which  they  produce.  We  cannot  help  being  of 
th^  opinion,,  that  a  separate  demonstration  is  indispensa* 
biy  necessary.  What  may  be  fairly  deduced  from  the  one 
case,  cannot  always  be  applied  to  the  other.  No  compo^ 
sition  of  pressures  can  explain  the  change  produced  by  a 
deflecting  force  on  a  motion  already  existing;  for  the 
changing  pressure  is  the  only  one  that  exists,  and  there  is 
none  to  be  compounded  with  it.  And,  on  the  other  hand^ 
pur  notions  and  observations  of  the  composition  of  motions 
will  not  explain  the  composition  of  pressures,  unless  we 
take  it  for  granted  that  the  pressures  are  proportional  to 
the  velocities ;  but  this  is  perhaps  a  gratuitous  assumption^ 
At  any  rate,  it  is  not  an  intuitive  proposition ;  and  we 
have  mentioned  some  facts  where  it  seems  that  they  do 
not  follow  the  same  proportion.  The  pressure  of  four 
equal  springs  produces  only  a  double  velocity.  It  would 
Itppear,  therefore,  that  there  are  circumstances  which 
oblige  us  to  say,  that  the  exertion  of  pressure,  as  a  cause  of 
motion,  is  not  (always  at  least)  proportional  to  the  real . 
measurable  pressure.  We  are  therefore  anxious  to  disco- 
2 


rev  in  what  the  difference  consists ;  and  in  the  mean  tim^ 
mast  allow,  that  the  pressure  exerted  on  a  bod/  at  rest  is 
diiTej^ent  from  its  exertion  in  producing  motion.  We  can^ 
not  indeed  state  any  immediate  comparison  between  pres- 
sure and  motion,  noi*  have  we  anj  clear  conception  of  the 
connection  between  them.  It  is  only  hf  our  sensations  of 
touch  that  we  hare  any  notion  of  pressure,  and  it  is  expe* 
#iehce  that  teaches  us  that  it  always  accompanies  every 
cause  of  motion;  We  can,  however,  observe  the  propor- 
tions of  pressures,  and  compare  them  with  the  proportions 
of  motion.  We  very  often  observe  them  different ;  and 
therefore  it  was  indispensably  necessary  to  investigate  the 
laws  of  <iombined  pressure  as  we  did  the  laws  of  combined 
motion  in  consequence  of  pressure.  Yet  we  should  err^ 
if  we  hastily  asserted  that  pressures  are  not  proportional 
to  the  motions  which  they  produce ;  all  that  we  are  en- 
titled to  call  in  doubt  is,  whether  the  pressures  in  their  ex- 
ertion, while  they  actually  produce  motion,  or  changes  of 
motion,  continue  to  be  the  same  as  when  they  do  not  pro^ 
duce  motion,  being  withstood  or  balanced  by  opposite 
pressures.  Considered  as  causes  of  motion^  we  ought  to 
think  that  they  do  not  vary  while  they  produce  motion^ 
and  that  the  actual  pressurtf,  while  it  produces  a  double 
motion^  is  really  double^  although  it  may  be  quadruple 
when  the  bodjr  exerting  it  is  made  to  act  on  a  body  that 
It  cannot  move:  We  are  confirmed  in  this  opinion  by 
dbserving^  that  other  facts  shew  us,  that  even  while  pro- 
ducing motion^  the  pressure  which  we  Call  quadruple,  be- 
cause we  have  mcfasiired  it  by  four  equal  pressures  balan- 
cing it,  is  really  quadruple,  consider'ed  as  the  cause  of  mo- 
tion, and  produces  a  quadruple  motion.  A  bow  which  re- 
quires four  times  the  force  to  draw  it  to>  any  given  extent, 
will  communicate  the  same  velocity  to  a  bundle  of  four  ar- 
rows that  a  bow  four  times  easier  drawn  communicates  to 
one  arrowy  and  will  therefore  produce  a  quadruple  motion^ 
Yet  it  will  only  produce  a  double  velocity  in  the  arrow 
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that  acquired  a  simply  velocity  (rem  a  bow  having  one- 
fourth  of  the  strength. 

These  discrepaneies  should  excite  the  endeavours  of  me-« 
chanicians  to  investigate  the  laws  observed  in  the  action 
of  pressures  in  producing  motion.  Had  this  been  dime 
with  care  and  with  candour,  we  should  not  have  had  the 
great  difference  of  opinion,  which  still  divides  philoso* 
pberSf  about  the  measures. of  moving  forces.  But  a  spirit 
of  partjy  which  had  arisen  from  other  causes,  gave  im<« 
portance  to  what  was  at  first  only  a  difference  of  expres- 
sion, and  made  the  partisans  of  Mr  Leibnits  avail  them-» 
selves  of  the  figurative  language  which  has  done  so  much 
harm  in  all  the  departments  of  philosophy.  Notwith- 
standing all  our  caution,  it  is  hardly  possible  to  avoid  me* 
taphorical  conceptions  when  we  employ  the  language  of 
metaphor.  The  abettors  of  the  Leibnitzian  measure  of 
moving  forces,  or  perhaps,  to  speak  more  properly,  the 
abettors  of  the  Leibnitsian  measure  of  that  force  whicb 
is  sHppojied  to  preserve  bodies  in  their  condition  of  motion 
-**io8btr  ^^^^  ^l>c  force  which  is  exerted  in  producing  any 
change  of  motion  is  greater  in  proportion  as  the  motion 
changed  is  greater :  and  they  givef  a  very  specious  argu- 
ment for  their  assertion.  They  appeal  to  the  exertions 
which  we  ourselves  make.  Here  we  are  conscious  of  the 
fact.  Then  they  give  similar  examples  of  the  action  of 
bodies.  A  clay  ball,  moving  six  feet  per  second,  will 
make  the  addition  of  one  foot  to  the  velocity  of  an  equal 
clay  ball  that  is  already  moving  four  feet  per  second  in 
the  same  directipn.  But  if  this  last  ball  be  already  mov- 
ing ten  feet  per  second,  we  must  follow  it  with  a  velocity 
of  twelve  feet  in  order  to  in^crease  its  velocity  one  foot. 
But,  without  insisting  on  the  numberless  paralogisms  and 
inconsistencies  which  this  way  of  conceiving  the  matter 
would  lead  us  into,  it  suffices  to  observe,  that  the  phenon 
mena  give  us  abundant  assurance  that  there  has  been  the 
same  exertion  in  both  these  cases.    This  acceleration  is 
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alwvys  accompanied  by  a  compresaioii  of  the  balb,  and 
the  compression  is  the  same  in  both.  This  compressbit 
is  a  veiy  good  measure  of  the  force  emph>yed  to  produce 
it ;  and  in  the  present  case^  we  need  not  even  trouble  our^ 
seWes  with  any  rule  for  its  measurement :  for  surei j  when 
the  compression  is  not  different,  biit  the  sanie^  the  fore^ 
exerted  is  the  same.  This  is  farther  confirmed  by  observ* 
ing,  that  it  requires  the  same  force  to  make  the  same  pit, 
or  to  pn  the  same  motion^  to  a  piece  of  clay  lying  on  the 
table  of  a  ship^s  cabin,  whether  the  ship  be  saOing  two 
miles  or  ten  miles  per  houn 

Thus  we  see  that  ther^  are  strong  reifsons  for  bdieving) 
that  the  exertions  of  pressure  in  producing  motion,  dr  that 
the  pressures  actually  exurtidj  are  proportional  to  the 
changes  of  moliosi  obserrcd,  and  that  they  coincide  in  this 
respect  with  our  abstract  eonceptionsof  moving  forces* 

But  we  have  still  better  arguments^    None  of  the  Leik 
nitaians  thii|k  of  denying  the  equal' exertions  of  gravity^ 
(Of  of  any  of  those  powers  which  they  call  soAci <af uhm  or 
audfrating  farct9.    They  all  admit,  that  gravity^  or  any 
constant  accelerating  force^  prodiices  equal  increments  of 
Telocity  in  equal  times,  and  that  a  double  gravity  will 
prodnee  a  double  increment  in  an  equal  time^  and  an  equal 
increment  In  half  of  the  time;  and  that  a  quadruple  gra- 
vity will  produce  a  double  velocity  in  half  the  time^    All 
these  things  are  gninlied  by  them^  and  their  writings  are 
full  of  reasonidgs  from  this  principle^    Now  from  the  fact^ 
aclaowiedged  by  the  Leibnitaiatis,  that  the  quadruple 
force  of  a  bow  gives  a  dbubie  velocity  to  the  arrow,  in 
every  instant  of  its  action^  it  indisputably  follows,  that  it 
has  acted  on  it  only  for  half  the  time  of  the  action  of  the 
four  times  Wfsaker  bow>  which  gives  the  arrow  only  half 
the  velocity ;  and  thus  has  the  discrepancy  between  the 
effects  of  pressures  and  of  our  abstract  moving  f(M*ces  en- 
tirely  disappeared*    For  this  circumstance  of  the  differ' 
ence  in  the  time  of  acting  wUl  be  found,  on  strict  exami« 
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nation,  in  all  the  cases  of  the  change  of  motion  hy  pfes-* 
sures  which  we  measure  by  their  effects  on  a  body  at  rest.' 
When  this  and  the  appreciable  changes  of  actual  pressure, 
during  the  time  of  producing  the  motion,  are  taken 
into  consideration,  all  difference  vanishes,  and  the  com-* 
position  of  pressures  u  in  perfect  harmony  with  the  com* 
position  of  motions,  or  of  abstract  moving  forces.  Dr-* 
NAMics  is  thus  made  a  demonstrative  science,  and  affords 
the  opportunity  of  investigating,  by  observation  and  ex* 
periment,  the  nature  of  those  mechanical  powers  which 
reside  in  bodies,  and  which  appear  to  us  under  the  form 
of  pressure,  in.ducing  us  to  consider  pressure  as  a  cause  of 
motion. 

In  this,  however,  we  are  rather  inaccurate.  Pressure  is 
one  of  the  sensible  effects  of  that  property  which  is  also 
the  cause  of  motion.  It  is  not  the  pressure  of  a  piece  of 
lead,  but  its  heaviness,  which  is  the  reason  that  it  gives  mo- 
tion to  a  kitchen  jack.  Pressure  is  merely  a  generic  name, 
borrowed  from  a  familiar  instance,  and  given  to  moving 
forces,  which  have  the  same  nature,  but  different  names 
that  serve  to  mark  their  connection  with  certain  sub- 
stances, in  which  they  may  be  supposed  to  reside.  Natural 
philosophy  is  almost  entirely  employed  in  examining  the 
nature  of  these  various  pressures  or  accelerative  forces ; 
and  the  general  doctrines  of  dynamics,  by  ascertaining 
what  is  common  to  them  all,  enable  us  to  mark  with  pre- 
cision what  is  characteristic  of  each. 

53.  We  have  now  advanced  very  far  in  this  investiga^ 
tion ;  for  we  have  obtained  the  criterion  by  which  we 
learn  the  direction  and  the  magnitude  of  every  changing 
force :  and,  on  the  other  hand,  we  see  how  to  state  what  will 
be  the  effect  of  the  exertion  of  any  force  that  is  known  or 
suspected  to  act.  All  this  we  learn  by  the  composition  of 
forces ;  and  the  greatest  part  of  mechanical  disquisition 
consists  in  the  application  of  thb  doctrine.  For  such  rea- 
sons it  merits  minute  consideration ;  and  thereft^re  we  must 
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point  out  some  general  conclusions  from  the  properties  of 
figure,  which  will  greatly  facilitate  the  use  of  the  paraU 
lelogram  of  forces. 

64.  Ut.  The  constituent  and  the  resulting  forces,  or 
the  simple  and  compound  forces,  act  in  the  same  plane ; 
for  the  sides  and  diagonal  of  a  parallelogram  are  in  one 
plane. 

55.  2d.  The  simple  and  the  compound  forces  are  pro- 
portional to  the  sides  of  any  triangle  which  are  parallel 
to  their  directions.  For  if  any  three  lines,  a&,  M,  ady  be 
drawn  parallel  to  AB,  AC,  and  AD  (fig  7,  No.  2.),  they 
will  form  a  triangle  similar  to  the  triangle  ABD.  For 
the  same  reasons  they  are  proportional  to  the  sides  of  a 
triangle  afl/dy  which  are  respectively^rpendicular  to  their 
directions. 

66.  3d.  Therefore  each  is  proportional  to  the  sine  of 
the  opposite  angle  of  this  triangle  ;  for  the  sides  of  any 
triangle  are  proportional  to  the  sines  of  the  opposite  an- 

glca- 

67.  4ti,  Each  is  proportional  to  the  sine  of  the  an- 
gle contained  by  the  directions  of  the  other  two ;  for  AD 
is  to  AB  as  the  sine  of  the  angle  ABD  to  the  sine  of  the 
angle  ADB.  Now  the  sine  of  ABD  is  the  same  with  the 
sine  of  BAG  contained  between  the  directions  AB  and 
AC,  and  the  sine  of  ADB  is  the  same  with  the  sine  of 
CAD;  also  AB  is  to  AC,  or  BD,  03  the  sin^  of  ADB 
<or  CAD)  to  the  sine  of  BAD. 

58.  We  now  proceed  to  the  application  of  this  funda- 
mental |»<oposition.  And  we  observe,  in  the  first  place, 
that  since  AD  may  be  the  diagonal  of  an  indefinite  num- 
1>er  of  parallelograms,  the  motion  or  the  pressure  AD  may 
result  from  the  joint  action  of  many  pairs  of  forces.  It 
may  be  produced  by  forces  which  would  separately  pro- 
duce the  motions  AF  and  AG.  This  generally  gives  us 
4he  means  of  discovering  the  forces  which  concur  in  its 
production,    {f  one  of  them,  AB,  is  Jcnq wn  in  direction 
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and  intensttji  the  directioo  AC,  parallel  to  BI>»  and  the 
inteiuitj,  are  discovered.  Somedtnes  we  know  the  di« 
rections  of  both.  Then,  by  drawing  the  paraUelogmiti 
or  triangle,  we  learn  their  proportional  The  force  which 
deflects  anj  motion  AB  into  a  motion  AD,  is  had  by 
simply  drawing  a  line  from  the  point  B  (to  whieh  the 
body  would  have  moved  from  A  in  the  time  of  really 
moving  frmn  A  to  D)  to  the  point  D.  Tile  deflecting 
force  is  such  as  would  have  caused  the  body  to  move  Beout 
B  to  D  in  the  same  time.  And,  in  the  same  munaery  we 
get  the  compound  motion  AD,  which  arise*  from  any 
two  simple  motions  AB  and  AC,  by  supposin^g  both  of 
the  motions  tp  be  accomplished  ia  succesaion.  The  final 
place  of  the  body  is  ^e  same,  whether  it  moves  along 
AD  or  along  AB  and  BD  in  succession. 

59.  This  theorem  is  not  limited  to  the  composition  of 
two  motions  or  two  forces  only ;  for  ain^e  the  combined 
action  of  two  forces  puts  the  body  into  the  same  state  as 
if  their  equivalent  alone  had  acted  on  it,  we  may  suppose 
this  to  have  been  the  casei  and  then  the  action  of  a  third 
force  will  prqdnoe  a  change  on  this  equivalent  motion* 
The  resulting  motion  will  be  the  same  as  if  only  this  third 
force  and  the  equivalent  of  the  other  two  had  acted  on 
the  body.  Thus,  in  plate  I.  fig.  8.  the  three  forces  AB» 
AC,  AE,  may  act  at  once  on  a  particle  of  )aaatter.  Con»- 
plete  the  parallelogram  ABDC;  the  di^onal  AD  is 
the  force  which  is  generated  by  AB  and  AC.  Complete 
the  parallelogram  AEFD;  the  diagonal  AF  is  the 
force  resulting  from  the  cpmbined  action  of  t|ie  forees 
AB,  AC,  and  AE.  In  like  manner,  completing  the  pa^ 
rallelogram  AGHF,  the  diagonal  AH  is  the  force  result* 
ing  from  the  combined  action  of  AB,  AC,  AE,  and  A&t 
and  so  on  of  any  number  of  forces. 

This  resulting  force  and  the  resulting  motion  may  be 
inucfa  more  expeditiously  determined,  in  any  degree  of 
ppm|M»ition,  by  drawing  lines  in  the  proportion  and  dip- 
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tHU&B,  of  the  forces  in  suciitissioB,  each  frdm  tbe  erid  of 

the  prccediBg.     Thus,  dnm  AB,  BD,  DF,  FH,  and  join 

AH;  AH  18  the  resulting  fonse.    Tbe  demonstratioii  is 

evident . 

60.  It  is  to  be  noticed  bere,  tbat  in  the  ebmposition  qf 

more  than  two  forces,  we  are  not  limited  to  one  plane. 

Tbe  force  AD  is  in  the  same  plane  with  AB  and  AC ; 

bat  A£  maj  be  elevated  ^bove  this  plane,  and  AG  teay 

lead  bekmr  it.    AF  is  in  the  plane  of  AD  and  AE,  and 

AH  is  in  the  plane  of  AF  and  AG. 

Complete  the  paralleiograms  ABLE,  ACEE,  ELFK. 

It  is  evident  that  ABLFKCD  is  a  parallelopiped,  and 

that  AF  is  one  of  its  diagonals.     Hence  we  derive  a  more 

general  theorem  of  great  use. 

.  Three  fafeca  haviMg  the  prcportion  and  direcUon  of  the 
tbtH  Bidei  of  a  pitralklapipedj  compose  a  foru  hawing 
Ae  proportion  and  direction  of  the  diagonal. 

*  6^1.  Any  nomber  of  forces  acting  together  on  one  par* 
tide  of  matter  are  balanced  by  a  force  that  is  equal  and 
opposite  to  their  resultii^  force ;  for  this  force  would  ba^ 
lance  their  resulting  force  which  is  equivalent  to  them  ia 
action.  When  this  is  duly  considered,  we  perceive  that 
each  force  is  then  in  equilibrio  with  the  equivalent  of  M 
tbe  others ;  for  a  force  can  balance  only  what  is  equal  and 
opposite  to  it*  It  appears  very  readily  by  the  geometri- 
cal coastmetion.  If^  instead  of  tbe  circuit  A,  B,  D,  F, 
H,  we  take  B,  D,  F,  H,  A,  we  have  BA  for  tbe  equiva- 
lent of  the  fonces  AC,  AE,  AG ;  but  AB  is  equal  arid  op- 
posite to  BA.  Therefore  the  force  AB  is  in  equilibrio 
with  the  equivalent  of  all  the  others. 

•  60.  When  any  number  of  forces  act  on  one  particle  of 
m^ter^  and  are  in  equiJibrio,  if  tbey  be  Considered  as  act* 
ing  in  parcels,  the  equivalents  of  these  parcels  are  in  equi* 
librio  ;  for  hrt  the  finrces  AB,  AC,  AE,  AG,  Ai,  bcr  in 
equilibrio,  and  let  them  be  considered 'in  the  two  parteis 
^,  AC,  md  AE,  AG,  M ;  then  AD  is  tbe  equivalexU 
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of  AB,  BD  (or  AC),  and  DA  is  the  equivdtnt  of  DF^ 
FH,  HA  (or  AA) :  now  AD  and  DA  balanpe  each  oihen 
Tkis  cproUary  enables  us  to  simplify  many  intricate  a»n- 
plications  of  force ;  it  also  enables  us  to  draw  accurate 
conclusions  from  very  imperfect  .obsenratiMis.  In  most 
of  our  practical  discussions  we  know,  or  at  least  we  at^ 
tend  to,  a  part  only  of  the  forces  which  are  acting  on  a 
material  particle ;  and  in  such  cases  we  reason  as  if  ,we 
saw  the  whole :  yet  is  our  mathematical  reasoning  good 
wi(h  respect  to  the  equivalent  of  all  the  parcels  which  we 
are  contemplating,  and  the  equivalents  of  the  smaller  par- 
cels of  which  it  consists ;  and  the  neglected  force,  or  par- 
cel of  forces,  induces  no  error  on  our  conclusions 

63.  In  the  spontaneous  phenomena  of  nature,  the  in« 
vestigation  and  discovery  of  our  ultimate  objact  of  search 
is  frequently  very  difficult,  on  account  of  the  multiplicity 
of  directions  and  intensities  of  the  operating  forces  or  mo- 
tions«  We  may  generally  facilitate  the  process,  by  sub- 
stituting equivalent  forces  or  motions  acting  in  convenient 
directions.  It  is  in  this  way  tbi|t  the  navigator  computes 
the  ship^s  place  with  very  little  trouble,  by  substituting 
equivalent  motions  in  the  meridional  and  equatorial  di-* 
rections  for  th^  real  oblique  courses  of  the  ship.  Instead 
of  setting  down  ten  miles  on  a  course,  S.  36.  fiS.  W.  he 
supposes  that  the  ship  has  sailed  eight  miles  due  south, 
and  six  miles  due  west,  which  brings  her  near  to  the 
same  place.  Then,'  instead  of  fourteen  miles  south»weat,  he 
sets  down  ten  miles  south  and  ten  miles  west ;  and  he  pro* 
ceeds  in  the  same  way  for  every  other  course  and  distance. 
He  does  this  expeditiously  by  means  of  a  traverse  table, 
in  which  ar6  ready  calculated  the  meridional  and  equato* 
rial  sides  of  right  angled  triangles,  corresponding  to  every 
f^urse  and  dbtance.  Having  done  this  for  the  course  of 
a  whole  day,  he  adds  all  the  southings  into  one  sum,  and 
all  the  westings  into  another :  he  considers  these  as  form- 
^g  the  sides  of  a  right  angled  triangle ;  he  lodes  for  them. 
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pftired  together^  in  his  travense  table,  and  then  notices 
what  angle  and  what  distance  corresponds  to  this  pair. 
This  gives,  him  tha  position  and  magnitude  of  the  straight 
line  joining  the  beginning  and  end  of  his  day^s  work. 

The  miner  proceeds  in  the  same  way  when  be  takes  the 
plan  of  subterraneous  workings,  measuring^  as  he  goes 
along,  and  noticing  the  bearing  of  each  line  by  the  com- 
pass, and  setting  down,  from  his  trarerse  table,  the  north- 
ing or  .southing,  and  the  easting  or  westing,  for  esA 
oblique  Kne :  but  there  is  another  circumstance  which  he 
must  attend  to,  namely,  the  slope  of  the  various  drifts, 
galleries,  and  other  workings.  This  he  does  by  noting 
the  rise  or  the  dtp  of  each  sloping  line.  He  adds  all  these 
into  two  sums,  and  taking  the  risings  from  the  dips,  he 
obtains  the  whole  dip.  Thus  he  learns  how  far  the  work-; 
ings  proceed  to  the  north,  how  far  to  the  east,  and  how 
far  to  the  dip. 

The  reflecting  reader  i^ill  perceive^'  that  the  line  join- 
ing  the  two  extremities  of  this  progression  will  form  the 
diagonal  of  a  rectangular  parallelopiped ;  one  of  whose 
sides  lies  north  and  south,  the  other  lies  east  and  west,  and 
(he  third  is  right  up  and  down. 

The  mechanician  proceeds  in  the  very  same  way  in  the 
investigation  of  the  very  complicated  phenomena  which 
£requently  engage  his  attention.  He  considers  every 
motion  as  compounded  of  three  motions  in  some  con- 
venient directions,  at  right  angles  to  each  other.  He 
also  considers  every  force  as  resulting  from  the  joint  ac- 
tion of  three  forces,  at  right  angles  to  each  other,  and 
takea  the  sum  or  difference  of  these  in  the  same  or  op-» 
posite  directions.  From  this  process  he  obtains  the  three 
sides  of  a  parallelopiped,  and  from  these  computes  the  po- 
sition and  magnitude  of  the  diagonal.  This  is  the  mo- 
tion or  force  resulting  from  the  composition  of  all  the  par- 
tial ones. 

This  procedure  is  qalled  the  £sti?i\tion  or  Reductioh 
gS  motions  and  forces. 
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64.  AlmotioD  or  fiuve  AB  (fig.  9.)  is  Budtohe  itUmaiei 
in  the  direction  EF,  or  to  be  reduced  to  tiiis  direetiM 
when  it  is  conoeired  as  compounded  of  the  motions  or 
forces  AC,  AD»  one  of  which  AC  is  parallel  to  £F,  and 
the  other  AD  is  perpendicnlar  to  it  This  expression  is 
abundantly  significant ;  for  it  is  pUun  that  the  motioQ 
AD  neither  promotes  nor  hinders  the  progreas  along  £F, 
and  that  AC  eiqpresses  the  whole  progress  in  this  direc* 
tion. 

65*  In  like  manner,  a  force  AB  (fig.  10.).  is  said  to  be 
tetimaied  tn,  or  reduced  (o,  a  given  plane  EFGH,  when 
it  is  conceived  as  resulting  from  the  joint  action  of  two 
forces  AC,  AD,  one  of  whicfh  is  parallel  to  a  line  a  b  drawn 
in  that  plane,  and  the  other  AD  is  perpendicular  to  it. 
The  position  of  the  line  a  &  is  determined  bj  letting  fall 
B  b  perpendicular  to  the  plane,  and  drawing  fr  P  to  jtha 
point  P,  in  which  B  A  meets  the  plane ;  then  A  a  being 
drawn  parallel  to  B  A,  will  cut  off  6  a,  which  is  the  re^ 
duction  of  the  motion  AB  to  the  plane.  Drawing  AC 
parallel  to  aft,  and  completing  the  parallelogram  ACBD^ 
it  is  evident  that  the  motion  AB  is  equivalent  to  AD  and 
AC,  which  is  parallel  to  a  6,  and  the  three  forces  AB, 
AC,  AD,  are,  as  they  should  be,  in  one  plane  perpendi-" 
cular  to  the  plane  E6« 

66.  If  three  forces  AB,  AC,  AD,  (fig.  11.),  are  in  equi^ 
librio,  and  are  reduced  to  any  one  direction  d  A  /,  or  to 
one  plane  EFGH,  the  reduced  forces  are  also  in  equili« 
brio. 

Fint,  Let  them  be  reduced  to  one  direction  d/  by 
drawing  the  perpendiculars  B  6,  C  c,  D  d ;  make  AL  equal 
to  AD,  and  join  BL,  CL,  and  draw  the  perpendiculars 
L  /,  C  c ;  then,  because  the  forces  AB,  AC,  AD,  are  it» 
cquilibrio,  ABLC  must  be  a  parallelogram,  and  AL  ia 
the  force  equivalent  to  AB  and  AC  combined ;  then,  be-> 
pause  the  lines  D  d,  B  &,  C  c,  L  /,  are  parallel,  d  A  is  equal 
to  A\/,  and  A  &  to  C  o,.or  to  cl ;  therefore  A  /  is  equal  to 
the  sum  of  A  6  and  A  c,  which  are  the  reductions  of  AB 
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md  AC ;  therefore  d  A  is  equal  to  the  sanie  suni^  and  Ui 
e<|uilibriO  with  them. 

Seoomdfyi  Let  them  be  reduced  to  one  plane  EFGH, 
and  iet  «;it»  ••»«),  be  the  reduced  forced.  The  Unes  D^t 
A  «»>  B  /8,  C  »9  L  Ay  ere  all  jparaUel«  beiD^  perpendiciilar  ta 
the  plane ;  therefore  the  planes  AB  fim  and  CL  a»  are  p«« 
rallely  and  «/9^  »a»  are  parallel.  For  similar  reanona,  /ba^ 
•*,  are  parallel ;  therefore  mfi>^  is  a  parallelogram.  Also, 
because  the  lines  D  )»  A ««,  L  x,  are  parallel,  and  DA  ia 
equal  to  AL;  therefore  is  is  equal  to  •>.  But  because 
;^^A»  is  a  parallelogram,  the  forces  «A  «»» *re  equiralent 
to  «A ;  and  «)  is  equal  and  opposite  to  kx,  and  will  balance 
it;  and  therefore  will  balance  «/S  and  •«,  which  are  the 
reductions  ot  AB  and  AC  to  the  plane  EFGH,  while  ml 
is  the  reduction  of  AD ;  therefore  the  propoution  is  de* 
iiloiistrated« 

The  most  usual  and  the  most  u^ful  mode  of  reduction^ 
is  to  estimate  all  ferees  in  the  directions  of  three  lii^eB 
deawn  from  one  point,  at  right  angles  to  each  other,  liko 
the  three  plane  angles  of  a  rectangukir  chest,  forming 
the  laagth*  the  breadth,  and  the  depth  of  the  chest 
These  are  commonly  called  the  three  co-ordinates.  The 
reaulting  foiV:e  will  be  the  diagonal  of  this  paralleloptped. 
This  process  occurs  in  all  disquisitions  in  which  the  niu» 
tual  action  of  solids  and  fluids  is  considered,  and  when 
the  oscillation  or  rotation  of  detached  free  bodies  is  the 
subpect  of  discussion, 

67.  The  onljr  other  general  theorem  thai  remains  to  be 
deduced  from  this  law  of  motion  is,  that  if  a  number  of 
bodies  are  moving  in  any  manner  whatever,  and  an  equal 
force  act  on  every  particle  of  matter  in  the  same  or  paraUd 
directions,  their  relative  motions  will  suffer  no  change; 
lor  the  motion  of  any  body  A  (fig.  12.)  relative  to  another 
body  B,  which  is  also  in  motion,  is  compounded  of  the 
real  motion  of  A,  and  the  opposite  to  the  real  motion  of 
9;  for  let  A  move  uniformly  from  A  to  C,  while  B  de- 
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scribes  BD  nniformlj,  draw  AB,  also  draw  AE  equal  and 
parallel  to  BD,  join  EC,  DC,  ED.  The  motioii  of  A, 
relative  to  B,  consists  in  its  cbange  of  position  and  dis- 
tance. Had  A  described  AE,  while  B  described  BD, 
there  wonld  have  been  no  change  of  relative  place  or  dis- 
tance ;  but  A  is  now  at  C,  and  DC  is  its  new  direction 
and  distance.  The  relative  or  apparent  motion  of  A 
therefore  is  EC.  Complete  the  parallelogram  ACFE ; 
it  is  plain  that  the  motion  EC  is  compounded  of  EF, 
which  is  equal  and  parallel  to  AC,  the  real  motion  of  A^ 
and  of  EA,  the  equ\il  and  opporite  to  BD^  the  real  nu>> 
tion  of  B. 

'  Now  let  the  motions  of  A  and  B  sustain  the  same 
change ;  let  the  equal  and  parallel  motions  AG,  BH,  be 
compounded  with  the  motions  AC  and  BD ;  or  let  forces 
act  at  once  on  A  and  B,  in  the  parallel  directions  AG, 
BH,  and  with  equal  intensities ;  in  either  supposition, 
the  resulting  motions  will  be  A  c,  B  d,  the  diagonals  of  the 
parallelograms  A  G  c  C,  and  B  H  d  D.  Construct  the  & 
gure  as  before,  and  we  see  that  the  relative  motion  is  now 
e  c,  and  that  it  is  the  same  with  EC  both  in  respect  of 
magnitude  and  position. 

Here  we  still  see  the  constant  analogy  between  the 
composition  of  motions  and  the  composition  of  forces. 
In  the  first  case,  the  relative  motions  of  things  are  not 
changed,  whatever  common  motion  be  compounded  with 
'  them  all ;  or,  as  it  is  usually,  but  inaccurately,  express- 
ed, although  the  space  in  which  they  move  be  carried  along 
with  any  motion  whatever.  In  the  second  case,  the  re- 
lative motions  and  actions  are  not  changed  by  any  exttf  • 
nal  force,  however  great,  when  equally  exerted  on  every 
particle  in  parallel  directions. 

Thus  it  is  that  the  evolutions  of  a  fleet  in  a  uniform 
current  are  the  same,  and  produced  by  the  same  means,  as 
In  still  water.  Thus  it  is  that  we  walk  about  on  the  sur- 
face of  this  globe  in  the  same  manner  as  if  it  neither  r^ 
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¥8lr«d  roiuid  the  sun,  aor  turned  round  its  axis*  Thus  iti 
is  that  the  same  strength  of  a  bow  will  communicate  a  cer- 
tain Telocitj  to  an  arrow,  whether  it  is  shot  east,  or  west, 
or  north,  or  south*  Thus  it  is  that  the  mutual  actions  of 
sublunaiy  bodies  are  the  same,  in  whatever  directions 
they  are  exerted,  and  notwithstanding  the  very  great 
changes  in  their  velocities  bj  reason  of  the  earth^s  rota- 
tion and  orUtal  revolution.  The  real  velocity  of  a  body 
on  the  earth^s  equator  is  about  3000  feet  per  second  greater 
at  midnight  than  at  midday.  For  at  midnight  Uie  mot 
tion  of  rotation  nearly  conspires  with  the  orbital  motion, 
and  at  midday  it  nearly  opposes  it  The  diiference  be- 
tween the  velocities  at  the  beginning  of  January  and  the 
beginning  ef  July  is  vastly  greater.  And  at  other  times 
of  the  day,  and  other  seasons  of  the  year,  both  motions 
of  the  earth  are  transversely  compounded  with  the  east- 
erly or  westerly  motion  of  an  arrow  or  cannon  bullet. 
Yet  we  can  observe  no  change  in  the  effects  of  the  mutual 
actions  of  bodies. 

68.  This  is  an  important  observation ;  because  it  proves 
that  forces  are  to  be  measured  by  no  other  scale  than  by 
4he  motions  which  they  produce.  We  have  had  repeated 
occasions  to  mention  the  very  different  estimation  of  mov- 
ing forces  by  Mr  Leibnits ;  and  have  shewn  how,  by  a 
▼ery  partial  consideration  of  the  action  of  those  natural 
powers  called  prettttrcSf  he  has^  attempted  to  prove,  that 
moving  forces  are  proportional  to  the  squares  of  the  velo- 
cities ;  and  we  shewed  briefly,  in  what  manner  a  right 
consideration  of  what  passes  when  motion  is  produced  by 
measurable  pressures,  proves  that  the  forces  really  exerted 
are  as  the  velocities  produced.  But  the  most  copious 
proof  b  had  from  the  present  observation,  that,  in  fact, 
the  mutual  actions  of  bodies  depend  on  their  relative  mo- 
tions alone. 

69.  The  Leibnitzian  measure  of  moving  force  is  alto- 
gether incompatible  with  the  universal  fact  now  mentipn- 
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ed,  ▼!«.  that  the  relative  motions  of  bodies,  resulling  frotif 
tbeir  mutual  actions,  are  not  affected  by  any  common  mo^ 
ttony  or  the  action  of  any  equal  and  parallel  force  on  both 
bodies :  for  this  universal  fact  imports,  that  when  tiro  bo-> 
dies  are  moving  with  equal  velocities  in  the  same  direc«< 
lion,  a  force  applied  to  one  of  them,  so  as  to  increase  it# 
velocity,  gives  it  the  same  iisotion  relative  to  the  other^ 
as  if  both  bodies  had  been  at  rest.  Here  it  is  plain,  that 
the  space  described  by  the  body  in  consequence  of  the  pri«» 
mitive  force,  and  of  the  force  now  added,  is  the  sum  of 
the  spaces  which  each  of  them  would  generate  in  a  body 
at  rest.  Therefore  the  forces  are  proportional  to  the  velo^ 
cities  or  changes  of  motion  which  they  produce,  and  not 
to  the  squares  of  those  velocities.  This  measure  of  forces^ 
nt  the  position  that  a  force  makes  the  same  change  on  any 
velocity  whatever,  and  the  independence  of  the  relative 
motions  on  any  motion  that  is  the  same  on  all  the  bodies 
of  a  system,  are  counterparts  of  each  other.  Since  this 
independence  is  a  matter  of  observation  in  all  terrestrial 
bodies,  we  are  entitled  to  say,  that  the  powers  which  the 
Author  of  Nature  has  imparted  to  natural  bodies  are  no 
way  different  from  what  are  competent  to  matter  onee 
called  into  existence.  And  it  also  follows  from  this,  that 
we  must  always  remain  ignorant  of  the  absolute  rootiona 
of  bodies.  The  fact,  that  it  has  required  the  unremitted 
study  of  ages  to  discover  even  the  relative  motions  of  onp 
solar  system,  is  an  argument  to  prove  that  the  influence 
of  this  mechanical  principle  extends  far  beyond  the  limits 
of  this  sublunary  world ;  nor  has  any  phenomenon  yet 
been  exhibited  which  should  lead  us  to  imagine  that  it  is 
not  universal. 

When  we  have  made  use  of  these  arguments  with  some- 
Jealous  partisans  of  Mr  Letbnitz''s  doctrine,  they  have 
answered,  that  if  indeed  this  independence  of  the  relative 
motions  of  terrestrial  bodies  were  observed  to  obtain  ex<* 
actly,  it  would  be  a  conclusive  argument.    But  the  mo^ 
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ttoB  wilh  which  all  is  carried  along  is  so  great  in  oompa- 
rison  with  the  motions  which  we  can  produce  in  our  expe- 
riments, that  the  small  additions  or  diminutions  that  we 
can  make  to  the  velocitj  of  Uiis  common  motion  must  ob- 
serve very  nearly  the  proportions  of  the  additions  or  dimi- 
nutions of  their  squares.  The  differences  of  the  squares 
of  2y  3,  and  4,  are  very  unequal ;  but  the  differences  of 
the  squares  of  9,  10,  11,  are  much  nearer  to  the  ratio  of 
equality  ;  and  the  difference  of  the  squares  of  KKXMOl, 
1000008,  1000003,  do  not  sensibly  deviate  from  this  riatio. 
But  it  is  not  fact  that  we  cannot  produce  motions  Which 
have  a  very  sensible  proportion  to  the  common  motion. 
The  motion  of  a  cannon  ball,  discharged  with  one-third 
of  its  weight  of  powder,  is  nearly  equal  to  that  of  the  ro- 
tation of  the  ewth^s  equator.  When,  therefore,  we  dis- 
charge the  ball  eastward,  we  double  its  motion ;  when  to 
the  westirard,  we  destroy  it  Therefore,  according  to 
Leibnitz,  the  action  in  the  first  case  is  three  times  the 
action  in  the  second;  In  the  first  case  it  changes  the 
square  of  the  velocity  (which  we  may  call  1)  from  1  to  4 ; 
and,  in  the  second,  it  changes  it  from  1  to  0.  But  (Say 
the  Leibnitaians,  the  velocity  of  rotation  is  but  ^^  of  the 
orbital  velocity  of  the  earth,  and  our  observations  of  the 
velocities  of  cannon  bullets  are  mrt  sufficiently  exact  to 

ensure  us  against  an  error  of  ^rj.  But  the  latter  obser- 
vations on  the  peculiar  motions  of  the  fixed  stars  concur 
in  shewing,  that  the  sun,  with  his  attending  planets,  are 
carried  along  with  a  very  great  motion,  which,  in  all  pro- 
bability, has  a  sensible  ratio  to  the  orbital  motion  of  the 
earth.  This  must  make  a  prodigious  change  on  the  earth's 
absolute  motion^  according  as  her  orbital  motion  conspires 
with,  opposes,  or  crosses,  this  other  motion :  the  earth  may 
eiren  be  at  absolute  rest  in  some  points  of  its  orbit.  Thus 
will  the  composition  with  the  motions  produced  in  our  ex- 
periments be  so  varied,  that  cases  piust  occur  when  the 
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Jifference  of  the  results  of  the  two  measures  6f  (oTte  wiS 
be  very  sensible. 

But,  farther,  they  have  not  attended  to  the  agreement 
of  onr  experiments,  when  the  discbarges  of  cannon  are 
made  in  a  direction  transverse  to  that  of  the  common  mo- 
iUm*  Here  the  immensity  of  the  common  motion^  and 
the  minuteness  of  onr  experimental  velocities,  can  have'na 
efiect  in  diminishing  the  difference  of  the  results  of  the 
two  doctrines^  This  will  appear  distinctly  to  every  reader 
who  is  much  conversant  in  disquisitions  of  thb  kind ;  and 
it  is  in  these  more  moderate  motions  that  the  co^mpletef 
independence  of  the  relative  motions  on  the  common  mo* 
lions  most  accurately  appear^  Fenduhim  eloicks  and 
watches  have  been  often  executed  wbieh  do  not  deviate' 
from  perfect  equaUlily  of  ilnotion  one  part  in  86400.  Tbiff 
could  not  be  obtained  in  all  directions  of  the  oscillations,- 
if  the  forces  deviated  fi^ofn  the  ratio  of  the  vek)citie»  one 
part  in  86400. 

On  the  whole,  we  may  consider  it  ^  estabKshed  on  (he' 
surest  foundation,  that  the  action  of  those  powers  of  natu* 
ral  bodies  which  we  call  pressures^  such  as  the  force  of 
springs,  the  exertions  of  animals,  the  cohesion  of  bodies, 
as  well  as  the  action  of  those  other  incitements  to  motion 
which  we  call  attractions  and  rqfmUions^  such  as  gravitation, 
magnetism,  and  electricity— is  proportional  to  the  change 
of  velocity  produced  by  it.  .  And  we  must  oteerve  here, 
(hat  this  is  not  a  mere  mode  of  Conceptiorn,  the  result  of 
the  laws  of  human  thought,  which  cannot  conceive  a  na- 
tural power  as  the  cause  of  motion  otherwise  than  by  its' 
producing  motion,  and  which  cannot  conceive  any  degree' 
of  moving  power  different  from  the  degree  of  the  motion. 
This  is  the  abstract  doctrine,  and  it  is  true  whether  the 
pressures  are  proportional  to  the  velocities  or  ta  the  squares 
of  the  velocities.  But  we  see  farther,  that  whatever  is* 
the  pressure  of  a  spring  (for  example)  on  a  quiescent  body^ 
yet  the  pressure  actually  exerted  in  plroducing  a  doublitf 
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Velocity  is  bnijr  double,  and  not  quadruple,  as  our  first  im- 
perfect obseTTalions  ihake  us  imagine. 

70.  Sir  Isaac  Newtoti  has  added  another  proposition  to 
the  humber  of  tairs  of  motion ;  naihelj',  that  everjf  action 
u  ^keeofnpamtd  h^  an  tqwal  and  contrary  reaeiion.  But  in 
affirming  this  to  be  a  lasV  of  nature,  he  oiily  tnea&s  that  it 
is  an  liniversal  fbct :  And  he  makes  this  affirmation  on 
the  authority  of  what  he  conceives  to  be  a  law  of  human 
thought ;  nam^Ij,  that  those  qualities  which  we  find  in  all 
bodies  bn  which  We  can  make  eiperinients  and  observa- 
iiona,  are  to  be  considered  as  universal  qualities  of  body. 
But  ive  have  limited  the  term  hw  of  motion  to  those  con- 
tiequences  that  necessarily  liow  front  otir  notions  of  mo- 
tion, of  the  causes  of  its  production  and  changes.  Now 
this  third  Newtonito  proposition  is  not  such  a  result.  A 
hiaghet  is  haH  to  act  oh  a  piece  of  iron  when,  and  only 
when,  the  vicinity  of  the  magnet  b  observed  to  be  accom- 
panied by  certain  motions  of  the  iron.  But  it  by  no 
means  foUoi^s  from  this  observation^  that  the  presence  Of 
the  iron  shall  be  accompanied  by  aiiy  motion,  or- any 
thange  of  .state  whatever  of  the  magnet,  or  any  appear- 
ance that  tan  suggest  the  i^otion  that  the  iron  acts  on  the 
inagnet.  When  this  was  observed,  it  was  accounted  a 
discovery.  Newton  discovered^  that  the  sun  acts  on  the 
^lanetsj  and  that  the  earth  acts  on  the  mOon ;  and  Kepler 
diacovaredy  that  the  moon  reacts  on  the  ^arth.  Newton 
liad  obsi^rved,  that  the  iron  reacts  on  the  magnet ;  that  the 
actions  of  electrified  bodies  were  inutual ;  and  that  every 
lurtion  bf  sublunary  bodies  was,  in  fact,  accompanied  by 
an  equal  and  contrary  refaction.  On  the  authority  of  his 
hiie  of  phittaophising^  be  affirmed,  that  the  planets  react 
On  the  stiti,  and  that  the  suri  is  not  at  rest,  but  is  contiiin- 
tiif  agitated  by  a  small  motion  round  the  general  centre  of 
gravitation.  He  pointed  out  several  consequences  of  this 
reaction.  Astronomers  examined  the  celestial  motions 
faiore  narrowlyj  and  Found  that  those  consequences  do 

vol/.  I.  f 
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redlj  obtain,  and  disturb  all  the  planetary  motions.  It  is 
now  found  that  this  reciprocity  of  action  obtains  through- 
out the  solar  system  with  the  utmost  precision,  and  that 
the  third  Newtonian  proposition  is  really  a  law  of  nature, 
although  it  is  not  a  law  of  human  thought  It  is  a  disco- 
very. The  contrary  involves  no  absurdity  or  contradic- 
tion. It  would  indeed  be  contrary  to  experience;  but 
things  might  have  been  otherwise.  It  is  conceivable,  and 
possible,  that  a  ball  A  shall  strike  another  equal  ball  B, 
and  carry  it  along  with  it,  without  any  diminution  of  its 
velocity.  The  fact»  that  the  velocity  of  A  is  reduced  to 
one^half,  is  the  indication  of  a  force  residing  in  B,  which 
force  changes  the  motion  of  A  ;  and  the  intensity  of  this 
force  is  learned  from  the  change  which  it  produces.  This 
is  found  to  be  equal  to  the  change  produced  by  A  on  B, 
and  thus  the  reaction  of  B  is  discovered  to  be  equal  to  the 
action  of  A. 

It  is  highly  probable,  that  this  universality  and  equality 
of  reaction  to  action  is  the  consequence  of  some  general 
principle,  which  we  may  in  time  discover ;  meanwhile  we 
are  entitled  to  suppose  it  universal,  and  to  reason  from  this  - 
topic  in  our  disquisitions  about  the  actions  of  bodies  on 
each  other. 

These  propositions  might  have  completed  the  doctrines 
of  dynamics ;  but  it  appears  that,  in  order  to  the  produc- 
tion of  a  material  universe  which  should  accomplish  the 
purposes  of  the  Creator,  it  was  necessary  that  there  be 
certain  characteristic  differences  between  the  forces  inhe- 
rent in  the  various  collections  of  matter  which  compose 
this  universe.  The  faqtsuor  physical  laws  (for  the  above- 
mentioned  laws  are  metaphysical)  of  motion  may  be  dif- 
ferent from  those  which  would  have  been  observed  had 
matter  been  leil  entirely  to  itself.  This  difference  may 
have  introduced  other  laws  of  motion  as  necessarily  re- 
sulting from  the  nature  of  the  forces.    We  have  occasion* 
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ally  nientioned  some  iostances  where  this  appears  to  ob- 
tain, bbt  ga?e  good  rea8X>ns  f(»'  affirming,  that  a  due  exa- 
mination of  all  circumstances  which  may  be  observed  in 
the  productioil  or  variation  of  motion  by  those  forces,  has 
deihonstratedy  that  there  are  no  such  deviations  from  the 
two  laws  of  motion  already  determined,  but  that  all  the 
mechanical  powers  of  bodies^  when  considered  merely  as 
causes  of  motion,  act  agreeably  to  the  same  laws.  Care^ 
ful  examination  was,  however,  said  to  be  necessary. 

This  examination  must  consist  in  distinctly  noticing  the 
circumstances  that  occur  in  the  production  of  motion  by 
any  force  whatever.  It  is  by  no  means  enough  to  state 
simply  the  intensity  of  the  force  ai^d  the  direction  of  its 
exertion.  If  a  force  continue  to  act,  it  continues  to  vary 
the  motion  already  produced.  Should  the  force  change 
its  intensity  or  direction  while  it  is  acting,  these  circum** 
stances  must  induce  still  farther  changes  in  the  motion  ; 
and  it  is  not  till  all  action  has  ceased  that  the  motion  is 
brought  to  its  ostensible  state,  in  which  it  is  the  object  of 
our  attention  and  our  future  discussions.  Instances  of  the 
effects  of  such  continued  and  such  varied  actions  are  to  be 
seen  in  most  of  the  phenomena  of  nature  or  art.  The 
communication  of  motion  by  impulse  is  perhaps  the  only 
instance  (very  frequent  indeed)  that  can  be  produced 
where  this  iis  not  necessary  :  Nay,  we  shall  perhaps  find 
reason  to  conclude,  that  this  instance  is  not  an  exception, 
and  that  even  the  communication  of  motion  from  one  bil- 
liard ball  to  another  is  brought  about  by  an  action  conti« 
nued  for  tome  time,  and  greatly  varied  during  that  time. 
Much  preparation  is  therefore  necessary  before  we  can  ap- 
ply the  general  laws  of  motion  to  the  solution  of  most  of 
the  questions  which  come  before  us  in  the  course  even  of 
our  elementary  disquisitions.  We  must  lay  down  some 
general  propositions  which  determine  the  results  of  the 
continued)  and  perhaps  varied,  actions  of  moving  forces ; 
and  we  must  mark  the  different  effects  of  the  simple  con- 
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tmuttlion  <tf  actioD,  aJad  ako  those  of  the  rariBtions  in  thit 
tJontiDued  action,  both  in  respect  of  intensity  and  direci- 
tion.  Tlie  effect  of  a  mete  oontinHMice  of  action  mmt  be 
en  acceteration  of  the  motion  ;  or  a  retardation  of  it,  if 
the  force  continue  to  aCt  in  the  opposite  direction.  The 
effect  of  the  continued  action  of  a  transverse  foree  must 
be  a  continual  deflection,  that  is,  a  cnrvilineal  motiott. 
These  must  theivfore  now  ocdapy  wr  attention  in  their 
order. 

or  ACGBURATBD  ANO   IIE^AMBD  MOTIOMS. 

71.  Aw.  men  can  perceiT*,  that  a  stone  Atappei  fifom 
the  hand,  or  sliding  down  an  unifom  slope,  has  itt  motiote 
eontinually  accelerated,  and  that  the  motion  tt  an  am»w 
rising  perpendicularly  thnmgh  the  air  is  colitinuilly  re- 
tarded;  and  they  feel  no  difficulty  in  conceiving  these 
changes  of  motion  as  the  effects  of  the  continual  operation 
W  their  weight  or  heaviness.    The  faUing  stone  is  in  te 
.  different  condition  in  respect  of  motion  in  the  beginning 
and  the  end  of  its  fall.    In  what  respect  do  the«  sUtes 
of  the  body  differ  ?    Only  in  respert  to  what  we  cali  its 
vtheity.    This  is  an  afiiKtion  of  motion ;  it  is  an  exprea- 
sion  of  the  rehition  between  the  two  notions  or  ideas  which 
concur  to  form  the  idea  of  motion,  nattiely,  the  space  and 
the  time.    These  are  all  the  drcumsUnces  that  we  observe 
in  a  motion.    Time  ekpses,  and  during  its  curnawjy  a 
space  is  described.    The  term  vthdty  expresses  the  mag- 
nitude  of  the  space  which  corresponds  to  some  unit  of  time. 
Thus,  the  rate  of  a  ship's  motion  is  determined,  whai  we 
say  that  it  is  nine  miks  in  an  hour,  or  nine  miles  per  hour. 
We  sometimes  say  (but  aukwaidly)  «  The  motion  »  at 
the  rate,  or  with  the  velocity,  of  a  mik  m  tiiree  days. 
It  is  most  convenientiy  expressed  by  a  number  of  some 
given  units  of  length,  which  completely  make  up  Uie  line 
described  during  this  unit  of  tiaw.    But  tte  mwhwucans 
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.^qprcw  it  in  a  way  more  general  by  a  firnetian,  of  which 
the  numerator  is  a  number  of  ineheB,  feet»  yards,  fathoms, 
or  miles,  and  the  denominator  is  the  number  of  seconds, 
minutes^  or  hoars,  employed  in  moving  along  this  line. 
TChis  is  a  very  proper  expression ;  fsor  wh^  we  speak  of 
any.  Telocity,  and  continue  to  reason  firom  it,  we  conceive 
ourselves  to  speak  of  something  that  remains  the  same,  in 
the  different  occasions  of  using  the  term^  Now  if  the  ve- 
locity be  constmt,  it  is  indifferent  how  long  the  line  may 
;be ;.  because  the  time  of  its  description  will  be  lengthened 
in  the  same  proportion.  Thus  i^  48  feet  be  described  in 
.12  seconds,  36  feet  will  be  described  in  9  seconds,  16  feet 
will  described  in  4  seconds.  See.  Now  $§,  V)  <^  V>  ^^^ 
j&actions  of  equa}  value,  being  equal  to  ^,  or  4,  that  is,  to 
the  velocity  of  4  feet  per  second.  The  value  of  this  frao-  < 
tion,  or  the  quotient  of  the  number  of  the  units  of  length, 
divided  by  the  number  of  uniU  of  time,  is  the  number  of 
those  units  of  length  described  uiwformly  in  one  unit  of  time. 
But  how  shall  we  determine  the  velocity  in  any  instant 
or  in  any  point  of  a  motion  that  is  continuaHy  changing  ? 
Suppose  that  a  body  has  fallen  144  feet,  and  that  we  would 
ascertain  its  velocity  in  that  point  of  its  fait,  or  the  veto* 
city  which  it  has  in  passmg  throu^  that  point  ?  In  the 
next  second  the  body  falls  112  feet  farther.  This  cannot 
be  the  measure  of  the  velocity  at  the  beginning  of  the 
fourth  or  the  end  of  the  third  second.  It  is  too  great. 
The  fall  during  the  preceding  second  was  80  feet.    This  is 

too  small.    The  mean  of  these  two,  or  — 3 — ,  =  ~g-, 

;sz  96,  is  probably  more  exact.  Dqe  attention  to.  the  na« 
lure  of  this  motion  shews  up,  that  96  is  the  proper  measure, 
or  that  the  motion  at  that  instant  is  at  the  rate  of  96  feet 
per  second.  But  it  is  peculiar  to  this  kind  of  motion  that 
the  half  sum  of  the  spaces  described  in*  two  succeeding 
^qual  moments  is  the  nieasune  of  the  velocity  in  the  middle 
instant    Therefore  this  method  will  not  generally  giv^ 
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an  accurate  measure.  Yet  it  is  indispepsabljr  necessary  to 
.obtain  some  accurate  measure ;  for  it  is  in  this  particular 
alone  that  the  state  of  the  body  differs  from  its  similar 
.state  in  another  instant.  The  difference  of  place  makes  no 
distinction ;  for  if  a  body  continue  its  motion  unchanged, 
its  condition  in  ererj  different  instant  of  time,  or  point  of 
space,  is  unchanged  or  the  same.  The  change  of  place  is 
not  a  change  of  motion,  b,ut  is  involved  in  the  very  con- 
ception of  the  continuation  of  the  motion.  The  change 
of  condition  consists,  therefore,  in  the  change  of  velocity : 
Therefore  the  change  of  velocity  is  the  only  indication, 
.and  the  .only  measure  of  the  action  (perhaps  aecumulated) 
of  the  changing  force.  It  is  therefore  the  chief  object  of 
our  search ;  and  accurate  measures  of  velocity  are  abso- 
lutely necessary. 

When  the  velocity  changes  eontinuatiy,  there  can  be  no 
tckial  measure  of  it.  In  what  then  does  the  magnitude  of 
a  vebcity  consist,  when  there  is  no  actual  measure  of 
it  ?  It  is  a  certain  undescribable  dbtbrmination  ;  by  which, 
if  not  changed,  a  certain  space  tMuld  be  uniformly^scribed 
in  a  given  unit  of  time.  Thus  we  know,  th^t  if,  when  a 
stone  has  fallen  16  feet,  its  motion  be  directed  along  a 
horizontal  plane,  without  diminution,  it  will  move  on  for 
ever  at  the  rate  of  32  feet  per  second.  The  space  which 
would  be  thus  described  is  not  the  velocity,  but  the  measure 
of  the  velocity.  But  the  proportions  of  those  spaces,  being 
the  proportions  of  those  measures,  are  the  proportions  of 
the  velocities  themselves.  We  may  discover  thes^  propor* 
tions  in  the  following  manner : 

73.  Let  ACG  (fig.  13.)  be  a  line  described  by  a  body  with 
a  motion  anyhow  continually,  but  gradually,  varied;  and 
let  it  be  required  to  determine  the  proportion  of  the  veio^ 
city  in  any  point  C  to  the  velocity  in  any  other  point  F. 

Axiom.-— If  A  be  to  B  in  a  ratio  that  is  greater  than  any 
ratio  less  than  that  of  C  to  D,  but  less  than  any  ratio 
greatttf*  ^han  that  of  C  to  D,  then  A  is  to  B  as  C  to  D. 
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Take  the  straight  line  a  eg*  to  represent  the  time  ot  the 
bod 7^8  motion  along  AC6,  so  that  the  points,  a,  c,  fy  g^ 
^  may  represent  the  instants  of  time  in  which  the  body  passes 
through  the  points  A,  C,  F,  6 ;  and  the  portions  a  Cy  cf^ 
fgy  of  the  line  a  gj  may  represent  the  times  employed  in 
describing  the  portions  AC,  CF,  FG ;  and  therefore  a  c  is 
to  a  fas  the  time  of  describing  AC  to  the  time  of  describ- 
ing AF. 

Moreover,  let  A  ir  n  o  be  a  line  so  related  to  the  straight 
line  aefgj  by  the  perpendicular  ordinates  a  A,  ck^fn^  go^ 
that  the  areas  ackh^  afn  A,  agoh,  may  be  proportional 
to  the  portions  AC,  AF,  AG,  of  the  line  described  by  the 
moving  body ;  and  let  this  relation  be  true  with  respect  to 
every  point  B,  D,  E>  &e.  and  the  corresponding  points 
ft,  ({,  e,  &c. 

Then  it  is  affirmed,  that  the  vdoeity  in  the  point  C  is  to 
the  velocity  in  the  point  F  as  c  k  ts  to  f  n. 

Let  the  equal  lines  be,  cd,  ef,  fgy  represent  equal  mo- 
ments of  time,  and  let  B,  D,  E,  G,  be  the  points  through 
which  the  body  is  passing  at  the  instants  6,  ^,  e^g.  Then 
the  areas  A  t  fc  c,  c  ib  /<f,  e  m  nf  fn  og^  will  represent,  and 
be  proportional  to,  the  spaces  BC,  CD,  EF^  FG,  which 
are  described  during  the  moments  6  c,  c  cf,  ef^fg. 

Draw  tp  parallel  to  a  g-,  so  as  to  make  the  rectangle 
Itpe  equal  to  the  trapezium  bike;  and  draw  the  lines 
qVfUrj  sxy  in  the  same  manner,  so  that  each  rectangle 
may  be  equal  to  its  corresponding  trapezium. 

If  the  motions  had  been  uniform  during  the  moments 
b  c  and  fg,  that  Is,  if  the  spaces  BC  and  FG  had  been 
uniformly  dcfscribed,  then  the  velocity  in  the  point  C  would 
have  be^  to  the  velocity  in  the  point  F  as  ep  tofs :  For 
since  the  rectangles  btpc  aiid/sx^  are  respectively  equal 
to  the  trapeziums  bike  ernd/n  o  g ;  and  since  i  t  Ar  c  is  to 
fnog  as  BC  is  to  FG,  the  rectangle  ft  f  p c  is  to  the  rect- 
angle fsxg  as  BC  to  FG.  But  because  those  two  rect- 
angles have  equal  altitudes  be  and/  g-,  they  are  to  each 
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other  in  tiie  proportioo  of  their  bases  €f  ud  gx^  or  cp 
and /9.  Therefore  BC  is  to  F(}  aB  c|i  to  ^f.  ButifBQ 
and  FG  are  uniformly  describe4  io  eqiiai  tim^  t(iey  afa 
proportional  to  the  Telocities  of  those  iwiform  qiotionik 
Therefore  c  p  is  tp  /t  as  tb^  ?elo^ty  with  whieb  BC  if 
imiformlj  desmbed  to  the  velopity  with  whici)  FG  14 
nniformljr  d^cribed  io  an  equal  tim^. 

But  the  motion  expressed  by  the  figure  is  not  i|nifonn| 
because  the  linp  A  /  0  r^ced^  from  the  axis  a^^  apd  the 
areasy  cut  off  by  the  parallel  ordinals,  increase  in  ^  greats 
proporti<Hi  ^hap  the  dorresppndiiig  parts  of  the  axis ;  tha| 
is,  the  spapei  in^asd  ftster  th^n  the  times:  for  t|ia 
moments  ic,  c  d,  tf^fgf  being  all  pqufil,  it  is  evident  tha( 
the  corresponding  slips  of  th^  area,  con$in^ally  augment. 
The  motion  is  swifter  at  the  instant  c  than  i^t  the  instanf 
tf  and  the  Telocity  at  |be  iastfuit  f  is  grcolrr.  than  that 
with  which  the  space  BQ  would  be  iinifofmly  descrit^  ii| 
the  sam^  time.  I'or  the  same  reason,  the  Telocity  at  the 
instant/ 14  /ess  than  that  with  whfch  the  space  F^  wpuld 
be  uniformly  described  in  the  same  time.  Therefore  th^ 
Telocity  at  thp  instant  c  is  to  the  Telocity  at  the  inst|U|t/ 
in  a  greater  nitio  than  that  of  cp  to/«.  In  the  Tery  same 
manner,  it  will  appear,  by  frompafin^  the  motipn  during 
the  moment  f  d  with  th^  motion  during  the  moment  ef, 
that  the  Tflocily  at  tb^  ipstant  c  isto  the  yeiqqty  at  the 
instant /in  a  I^  r^tio  th(|ii  that  c  9  to/r. 

Therefore  the  yelocity  in  the  point  C  is  to  the  Telocity 
\m  the  point  F  i^  a  greater  ratio,  than  that  of  cjftofs, 
but  in  a  less  ratio  than  that  of  c  9  to/n 

But  by  continually  diminishing  tKe  equal  mom^ts  h  c, 
^  ^  ^fffgi  it  is  evident  that  cp  and  c  q  continually  ap* 
proach  to  equality  with  ck;  and  /r  and  fs  continually 
approach  to  equality  with  /»,  that  when  cfis  less  thaii 
f  k^fs  is  greater  than  fn^  and  when  c  {  is  greater  than 
f  A,/ r  is  less  than/ ft. 

Therefore  the  Telocity  in  the  point  C  is  to  the  Telocity 
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in  the  point  F  ip  •  ra^io  ihmt  it  grestev  ib«n  the  ratio  of 
«ltf  line  1^  tbao  ck  to  aig/  line  greater  than  /%  but 
which  i»  \vu  than  the  ratio  of  any  line  greater  than  ck  t/9 
an  J  line  leis  tban/n.  Therefore  the  ratio  of  the  velo- 
city in  C  (o  the  velocity  in  F  ia  greater  than  any  ratio 
that  is  |eM  than  thfil  of  c  i  to/a «  but  it  is  less  than  finy 
ratio  that  is  greater  th<in  that  of  c  A  to/s.  Therefore 
the  velocity  in  the  pqint  C  is  to  the  velocity  in  the  point 
:F  aa^cktofm 

This  important  theorem  nuiy  be  expressed  ia  more  ge- 
neral t«ins  as  follows : 

lfti€  obmHfiL  a  g  9fa  line  h  k  0  rqn'uaU  the  time  rf^ty 
jmilt>%  end  \f  ik^  greaeU^i^iMi  %  parallel  erdifiatee  he  pre- 
f9fi¥nial  io  the  ^pq/cee  deecribedf  ih^  ^inatee  ^rejffV^^^^'''^ 
to  the  V€loeUte$. 

Jtaif  AaK.  The  propriety  pr  iiptitode  of  expressing  the 
time  by  the  portions  oif  the*  ai^  aeg^  wiU,  perhaps,  ai^ 
pear  more  dearly  in  the  following  nifinner- 

Let  oc g  be  any  straight  line,  and  let  A'  A  e  be  another 
line,  straight  or  curved*  Let  the  straight  line  a  A  s,  per* 
pendicttlar  to  a  g,  be  carried  vnifarmly  down  along  this 
line,  keepiag  always  perpeodienler  to  it,  and  therefore 
always  parallel  tP  its  first  position  ahsf.  In  its  inarious 
situations c A s,  csif, fre.it;willoutpffareasaeilrA,aemi, 
&a  bounded  fay  the  ws  by  the  ordinates  a  h  and  e  k^ 
or  by  the  ordinatfs  a  A  an4  cm,  do.  and  by  the  line  Ai^. 
JBy  this  motion  the  moveable  prdinate  is  said,  in  the  lan- 
gvage  of  moderp  geometry,  to  gennwle  the  areas  o  c  A  A, 
a  e  m  A,  &c.  At  the  same  time,  let  a  point  A  move  along  the 
line  ACQ,  setting  out  from  A  at  the  instant  when  the  line 
a  M  lets  out  from  a ;  and  let  the  motion  of  the  point  A  be 
§o  i«gnlated,  that  the  spaces  AB,  AC,  AD,  Sfc.  generated 
by  this  motion,  may  increase  at  the  same  rate  with  the 
areas  o^,  t  A,  a^AA,  od/A,  &c.  or  such  that  we  shaO 
have  AB  to  AC  as  a  A  t  A  to  a  c  A  A,  bc^  It  is  plain,  that 
|bf  motioo  abog  AG  is  the  same  wi^h  that  (kscribed  is) 
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the  enunciation  of  the  proposition :  for  because  the  mo* 
tion  of  the  ordinate  a  Zy  along  the  aixis  agy  is  supposed  to 
be  uniform*  the  spaces  a  ft,  a  c,  a  d,  Sec.  are  proportional  to 
the  times  in  which  they  ape  described,  and  may  therefore 
be  taken  to  measure  or  to  represent  those  times. 

73.  Cor.  1.  In  a  molton  caiUitnuiMy  varied^  the  vdocitie» 
in  the  different  poinie  of  the  path  are  to  eaeh  other  in  the  /t- 
tniting  or  ultimate  ratio  of  the  spaces  described  in  equal  times^ 
those  times  being  supposed  to  diminish  cc^tinually :  for 
it  is  evident,  that  if  the  equal  moments  6  c,  cd,  e/,/^, 
are  supposed  to  diminish  continually,  till  the  instants  h 
and  d  coalesce  with  c,  and  the  instants  e  and  g  coalesce 
with/;  then  the  ratio,  of  c  k  to  fn  is  the  limit  of  the 
continually  increasing  ratio  of  cp  to/s,  or  of  the  conti* 
nually  diminishing  ratio  of  c  f  to  fr.  Sir  Isaac  Newton 
calls  this  the  ultimate  ratio  of  cp  tofs^  or  of  eg  to/r. 
Now  the  ratio  of  cp  to/«  is,  by  construction,  the  same 
with  the  ratio  of  the  rectangle  6  ^p  c  to  the  rectangle/* 
xgj  and  the  ratio  of  c  9  to  fr  is  the  same  with  the  ratio 
of  the  rectangle cqv  d  to  the  rectangle  e u rf,  But  the 
ratio  of  the  rectangle  i  (p  e  to  the  rectangle /«  xg-,  is  the 
same  with  the  ratio  of  the  space  bike  to  the  space  fn 
og;  that  is  (by  hypothesis),  the  same  with  the  ratio  of 
the  space  BC  to  the  space  F6 ;  and  the  ratio  of  the  rect- 
angles cqvd  and  e u rf  is  the  same  with  that  of  the 
spaces  CD  and  EF.  Therefore  the  ratio  of  the  velocity 
at  C  to  the  velocity  at  F  is  the  same  with  the  ultimate 
ratio  of  the  small  increments  BC,  F6,  or  CD,  EF  of  the 
spaces  generated  in  very  small  and  equal  times. 

It  is  also  evident,  that  because  the  ratio  *>(  ektofnh 
the  limit  both  of  the  ratio  of  cp  to  fs  and  of  the  ratio 
of  cf  to/r,  these  ultimate  ratios  are  the  same,  and  that 
we  may  say  that  the  velocity  in  C  is  to  the  velocity  in  F 
in  the  ultimate  ratio  of  BC  to  EF,  or  in  the  ultimate 
ratio  of  CD  to  F6. 
.  We  also  can  easily  perceive^  that  the  ratio  of  the  area 
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'tike  to  the  area  e at nf  approaches  more  near  to  the 
ratio  of  ekio  fnan  we  take  the  moments  b  c  and  ef 
smaller.  Therefore,  in  many  oases  of  practice,  where  it 
may  be  easy  to  measure  the  spaces  described  in  the  differ- 
ent smalt  moments  of  the  motion,  but  difficult  to  ascer* 
tain  their  ultimate  ratio,  so  as  to  obtain  accurate  mea- 
sures of  the  proportions  of  the  relocities,  we  may  reduce 
the  errors  of  measurement  to  something  very  insignificant, 
by  taking  these  moments  extremely  small ;  and  we  shall 
diminish  (he  error  still  more,  by  taking  the  proportion  of 
the  half  sum  of  BC  and  CD  to  the  half  sum  of  £F  an4 
FG  for  the  proportion  of  (h^  velocities  in  C  and  F. 

It  often  happens  that  we  have  it  not  in  our  power  to 
compare  the  spaces  described  in  small  moments  which  ar^ 
precisely  equal.  Still  we  can  find  the  exact  proportion 
of  the  velociti^  if  we  can  ascertain  the  nltiiaatf  ratio  of 
the  increments  of  the  spaces,  and  the  ultimate  ratio  of  the 
jnoments  of  time  in  which  these  incusiftents  are  described ; 
Sor  it  is  plain,  by  considering  the  gradual  approach  of  the 
-points  p  and  r  to  the  points  k  and  a,  that  the  ratio  of  c  ft 
to/n  is  still  the  ultimata  ratio  of  the  bases  of  rectangles 
equal  to  the  mixtiliaeal  areas,  whether  the  altitudes' (re- 
•presenting  the  moments)  are  equal  or  not  Now  the 
•bases  of  two  rectangles  are  in  the  proportion  of  the  rect^ 
angles  directly,  and  of  their  altitudes  inversely.  But  the 
4iUifflate  ratio  of  the  altitudes  is  the  ultimate  ratio  of  the 
rmomeats,  and  the  ultimate  ratio  of  the  rectangles  is  the 
ultimate  ratio  of  the  spaoes  described  in  those  unequal 
moments.  Therefore,  in  such  cases,  we  have, 
'  74.  Cor.  2.  The  vtloeities  are  in  tke  ratio  compomuUd  of 
the  dirtct  uUinuUe  ratio  of  the  momentary,  ineremente  of  the 
'tpaceSf  and  the  inverse  uitimate  ratio  of  the  incremente  (or 
mmenie)  of  the  lanes  in  which  these  incremente  of  the  spoors 
are  nuLde4 

If  s,  c,  and  ty  are  taken  to  represent  the  magnitudes  of 
the  spaces^  velocities^  and  times,  and  if  s,  v,  and  t,  -are 
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tiikeD  alwajs  in  the  limiting  or  ultimate  ratio  of  their 
momentary  inerementa,  we  shall  have  v  always  in  the 
{MToportion  of  #.  direetly,i  and  of  t  inversely.    We  ear 

press  this  by  the  proportional  equation  v  ='-r>    which 

i 

is    equivalent    to    the    analogy    V  :  d  =  —  :  — ,  or 

t       i 

75.  N^  B.  Here  observe,  that  this  is  not  the  only  way 
of  stating  the  relation  of  space  and  time-^he  abscissa 
may  be  made  the  time  and  Uie  ordinate  the  space ;  then 

* 

the  velocity  =  ^* 

The  converse  ef  this  propositbn  may  be  thus  ex* 
fireased. 

7C  If  the  OJBU  a  g  o^lie  tine  h  k  o  rsprawMl  tie  time  of  a 
varUd  motfoM  altmg  ike  lime  A6»  and  if  the  (n-dimaee  a  h, 
h%9ekf4i€.  he  OB  the  vehcitiee  in  the  inUmUe  a,  b,  c,  or  tii  the 
poJnls  A,  B,  C;  then  the  <areiu  abih,  ackh,  adlh,  4re. 
orr  propertfona/  to  the  tfoces  AB,  AC,  AD,  Sfc. 

This  may  be  demonstrated  in  the  same  way  with  the 
former;  but  the  indirect  demonstration  is  more  brief,  and 
equally  strict. 

If  the  spaces  AC,  AF,  &c.  are  not  proportional^to  the 
areas  aci  A,  a/n  A,  be.  they  are  proportional  to  some 
other  areas  ackh\afn*  h\  be.  which  are  bounded  by  the 
same  ordinates,  and  by  another  line  h*  k  n\  But  because 
the  areas  aci  A%  afn'  h\  be.  are  always  proportional  to 
the  spaces  AC,  AF,  be.  described  on  the  line  AG,  the  velo* 
city  in  the  point  C  is  to  the  velocity  in  the  point  F  as  the 
ordinate  citr  is  to  the  ordinate /a'.  But,  by  hypothesis, 
the  velocity  in  C  is  to  the  velocity  in  F  as  ck  to  fn^  and 
fn'  is  equal  to  jf  n ;  which  is  absurd.  Therefore  the  spaces 
AC,  AF,  are  not  proportional  to  any  other  areas,  be. 
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77.  Cor.  Ti€  Mmott  rtttio  of  ikb  mmtmfy  nkMna^ 
•f  ffte  spaces  i»  compiMided  of  <Ae  rtstio  of  the  tefceiKcv^  and 
lAe  ubimaU  rank  df  ike  iktrtmeniM  of  the  tmts :  fat  when 
the  moments  A  e^  tf^  are  equal,  it  is  erident)  that  thfe  ul* 
timat«  ratio  of  the- t^taoglesicji^  efru  is  the  satne 
urtth  the  ultimate  ratio  of  the  increments  of  the  spaecoL 
But  the  iihbnate  ratio  of  these  rectangles  is  the  same  with 
that  of  their  bases  ep  and/r ;  that  is,  the  ratio  of  sir  to 
fny  that  is>  the  mt&o  of  the  velocities.  And  When  the 
moments  are  unequal,  the  ratio  of  the  rectangles  is  cora«> 
pounded  of  th«  ratio  of  their  bases  and  tha  ratio  of  their 
altitudes ;  that  is^  compounded  of  the  ratio  of  .the  Telod^ 
ties  and  the  ultimate  ratio  of  the  moments  of  tima. 

We  here,  therefore,  S : s  =i  Vl? :  ol,  and  s  qpvr. 

It  most  commonljr  happens^  that  we  can  onlj  obscrra 
the  accumulated  results  of  varied  motions ;  and  in  than 
we  onlj'obserre  a  space  passed  over,  and  a  eeriain  poiw 
tion  of  time  that  has  elapsed  during  the  motion.  But 
Wing  able  to  distinguish  the  portions  of  the  whole  spaca 
which  are  described  in  known  portions  of  the  whole  time^ 
and  having  made  suth  observations  in  several  parts  of  the 
motion,  we  discover  the  general  law  that  the  motum  af- 
fects, and  we  af&rm  this  law  to  hold  universally,  even 
though  we  have  not  obs^rvted  it  in  eeeff  point.  We  do 
this  with  a  degree  Of  probability  and  confidence  pfopor- 
tioned  to  the  frequency  of  our  observation*  tt  is  not  till 
we  have  done  this,  that  we  can  meke  use  of  the  first  of 
these  two  propositions,  which  enables  us  to  ascertain  the 
velocity  bf  the  motion  in  its  different  moments.  Thus  if 
we  observe,  that  a  stone  in  falling  descends  one  foot  in 
the  quarter  of  a  second,  16  feet  in  a  second^  M  feet  in 
two  seconds,  and  144  feet  m  three  seconds ;  the  general 
law  immediately  observed  is,  ^*  that  the  spaces  deseribed 
are  as  the  squares  of  the  times  ;^  for  1  is  to  16  as  the  square 
of  \  to  the  square  of  !.    Again,  16  is  to  04  as  !•  to  8*  ; 
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and  16  is  to  144  as  1'  to  3^.  Hence  We  infbr,  with  great 
probability,  that  the  stone  would  fall  36  feet  in  a  second 
and  a  half;  for  16  is  to  36  as  1'  to  1^'  ;  and  we  conclude 
in  the  same  way  for  all  other  parts  of  the  motion. 

78.  This  immediate  observation  of  the  analogy  between 
the  spaces  and  the  squares  of  the  times  suggests  an  easy 
determination  of  the  velocity  in  this  particular  kind  of 
motion ;  and  it  merits  particular  notice^  being  very  often 
referred  to.  We  can  take  ag  to. represent  the  timei  and 
then,  because  the  areas  which  are  to  represent  the  spaces 
described  must  be  proportioned  td  the  squares  of  the  por- 
tioiisofa^y  we  perceive  that  the  line  which  comes  in 
place  of  A  6  0  must  be  a  straight  line  drawn  from  a.  For 
example,  the  straight  line  a'^  yi  For  this  is  the  only 
bonndary  which. will  give  areas  ah^^  ac»iad^9  &c.  pro- 
porUonal  to  afr'^  ac^^  ad^^  &e.  And  we  perceive,  that 
as^  straight  line  drawn  from  a  will  have  this  property.  . 

Having  thus  got  our  representations  of  the  times  and 
the  spaces^  we  say,  on  the  authority  of  our  theorem,  that 
the  velocity  at  the  instant  &  is  to  the  velocity  at  the  in- 
stant d  as  i/s  to  dl,  be.  And  now  we  begin  to  make  ia- 
ferences,  purely  geometrical^  and  express  our  discovery 
of  the  velocities  in  a  very  general  and  simple  manner. 
We  remark,  that  6 /s  is  to  d  )  as  a  &  is  to  o  d ;  and  we  make 
the  same  affirmation  concerning  the  magnitudes  repre- 
sented by  these  lines.  We  say  that  the  velocity  at  the 
instaiit  i  is  to  the  velocity  at  the  instant  d  as^he  time  a  b 
is  to  the  time  ad.  We  say,  in  terms  still  more  general, 
that  the  velocities  are  proportional  to  the  times  from  the 
beginning  of  the  motion.  We  moreover  perceive,  that 
the  spHtiea  9fe  also  proportional  to  the  squares  of  the  ac- 
quired velocities ;  or  the  velocities  are  as  the  sq,uare  roots 
of  .the  spaces. 

We  can  farther  infer,  from  the  properties  of  the  tri- 
angle,  that  the  momentary  increments  of  the  spaces  ai;e  ^ 
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proportional  to  the  momeiitaiy  increments  of  tbe  squares 
of  the  times,  or  of  the  squares  of  the  Telocities. 

We  also  obsenre,  that  dot  only  the  whole  acquired  ve* 
locities  are  proportional  to  the  whole  elapsed  times,  but 
that  the  increments  of  the  velocities  are  proportional  to 
the  times  in  which  they  are  acquired;  for  «*»  is  to  f  f  as 
I  c  to  ify  &c.  Equal  increments  of  velocity  are  therefora 
acquired  in  equal  times.  Therefore  such  a  motion  may^ 
in  great  propriety  of  language,  be  denominated  a  unn 
FORMLT  ACCELBRATBD  MOTION ;  that  is,  a  moiton  in  whie^ 
wt  ob$€rv€  the  spaeea  proportioned  to  the  eqmres  of  the  times, 
if  a  motion  uniformly  accelerated;  and  spaces  in  the  dupli* 
cate  ratio  of  the  times  form  the  ostensible  characterbtic 
of  an  uniformly  accelerated  motion. 

79.  Lastly,  if  we  draw  •  x  parallel  to  the  axis  a  &,  we  per« 
ceive  that  the  rectangle  ae%i  is  double  of  the  triangle 
a  e  f.  Now,  because  a  e  represents  the  time  of  the  mo- 
tion, and  ei  represents  tbe  acquired  velocity,  the  rec- 
tangle a  etx  will  represent  the  space  which  would  be  uni- 
formly described  with  the  velocity  et  during  the  time  ae. 
Sut  the  triangle  a  e  #  represents  the  space  really  described 
with  the  uniformly  accelerated  motion  during  the  same 
time.  Hence  we  infer^  that  the  space  that  is  described  in 
any  time,  with  a  motion  increasing  unifopply  from 
nothing,  is  one  half  of  the  space  which  would  be  uni- 
formly described  during  .the  same  time  with  the  final 
velocity. 

These  fire  but  a  part  of  the  inferences  which  we  may 
draw  from  the  geometrical  properties  of  those  representa- 
tions which  we  had  selected  of  the  different  measurable 
affections  of  motion.  We  may  affirm,  with  respect  to 
the  motions  themselves,  all  the  inferences  which  relate  to 
magnitude  and  proportion,  and  thus  improve  our  know- 
ledge of  the  motions. 

We  took  tbe  opportunity  of  this  very  simple  and  per- 
spicuous example,  to  give  our  yoimg  readers  a  just  con- 
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diptioti  of  the  mthemntiial  nietkBd  of  prosecuting  iiieeha* 
nical  knowledge,  and  to  make  them  sensible  of  the  un- 
questionable authority  for  every  theorem  dddileed  in  thi? 
manner. 

One  of  the  most  important  is^  to  discover  the  aCcU'i- 
muIaCed  result  of  a  motimi  of  whith  We  only  observe  the 
momentary  increments.  This  is  to  be  done  by  finding 
the  area,  or  portions  of  the  area,  of  the  mixtilineal  space 
agoht  and  it  is  evidently  analogous  to  thd  inverse  me* 
thod  of  fluxions,  or  the  integral  calculus. 

In  most  cases,  we  must  avail  ourselves  of  the  eixrell*^ 
iy  8^  V  t^  and  we  obtain  the  solution  of  oul*  questiodf 
only  in  the  cases  where  our  knowledge  of  the  quantl^ 
ties  8,  tf  and  v  (considered  as  geometrical  magnitudes, 
that  is,  as  lines  and  surfSaoes),  enables  us  to  discover 
»  and  t 

» 
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80.  Havik o  tluis  discovered  the  proportions  of  the  ve* 
locities  in  motions  varying  in  any  manner  whatever,  we' 
can  observe  the  variations  which  happen  in  ihem.  These 
variations  are  the  effects,  and  the  only  marks  and  mea- 
sures of  the  eVanging  fidrces.  They  are  the  diaracC<frif- 
tics  of  their  kinds  (considered  merely  as  movihe  finrces); 
that  is,  the  indications  of  the  directions  in  wnich  they 
act ;  for  this  is  the  only  difference  in  kind  of  which  they' 
are  susceptible  in  this  general  point  of  view.  If  they  in- 
crease the  velocity,  their  direction  must  be  conceived  as 
the  same  with  that  of  the  previous  motion ;  because  the 
result  of  the  action  of  a  force  is  equivalent  to  the  com- 
position of  the  motion  which  that  force  would  produce  in* 
R  <|uiesoent  body  with  the  motion  ahready  existing ;  and 
an  increase  of  velocity  is  equivalent  to  the  composition  of 
a  motion  in  the  same  direction. 
^  Having  no  other  mark  of  the  force  but  the  accele» 
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t(oD,  we  have  ho  other  name  for  it  in  the  abstract  doc-- 
trines  bf  dynamics^  and  we  call  it  an  accbi.rratim6  force. 
Had  it  )retfl(k'ded  the  motion,  we  should  hare  called  it  a 
RB^ARoiNo  Fdacs;  s 

In  like  manner,  we  have  no  measure  of  the  magnitude 
0t  tHtensdy  of  an  accelerating  forc^,  but  the  acceleration 
which  it  produces.  In  order  therefore  to  investigate  th^ 
powers  which  produce  all  the  changes  of  motion^  we  must 
endeaivour  to  obtafai  me^ures  of  the  acceleration. 
.  A  continual  increas\e  of  velocity  is  the  effect  of  the  con* 
tihued  action  of  accelerating  forces.  If  equal  increments 
of  velc^ty  are  produced  in  every  succeeding  equal  mp- 
taient  of  time;  we  cannot  bonceive  that  there  is  any  change 
in  the  acceleniting  force.  Therefore  a  uniformly  accele- 
rated motion  is  the  mark  of  the  unvaried  action  of  an  ac« 
eeleraUng  force;  that  is^  of  the  continued  action  of  a  con- 
stant forte ;  of  a  forc6  whose  intensity  is  always  the  same. 
When  therefore  we  obserVe  a  body  describe  spabes  pro- 
pdrtional  td  the  sqtiarte  df  the  times,  we  must  infer  that 
k  is  urged  forward  by  a  force  whose  intensity  does  not 
<Aange ;  and,  oii  the  Mher  hand,  a  constant  foi*ce  must  ^ 
IHroduce  a  uniformly  acceferat^d  motion  by  its  continued 
adion.  And  if  any  previous  circumstances  assure  us  of 
tbis  continued  action  of  an  invaried  force,  we  may  make 
•a)l  the  inferences  "irhich  were  mentioned  tinder  the  article 
of  uniformly  accel^ated  motion. 

That  force  must  surely  be  accounted  double  which  pto- 
duces  a^dduble  increment  of  velocity  in  the  same  time  by 
its  uniform  action,  we  caji  form  nd  otfaei*  estimation  of  its 
magnitude.  And$  in  general,  accelerating  forces  must  be 
JaccouiUed  proportional  tb  the  increments  of  velocity  which  thry 
produce'^  by  acting  uniformly  during  ike  same  or  tqual  times* 

Supposing  them  to  act  oil  a  body  at  rest.  Then  the 
velocity  produced  is  itself  the  incitement ;  and  we  must 
.84y4  that  accelerating  forces  iire  proportional  to  the  velp- 
.cities  which  they  generate  in  a  body  in  equal  times.    And 
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becaute  #e  fouitd  (No.  79.)  that  tbe  spAce  described  with  « 
uniformly  accelerated  motion  is  half  the  qiace  which  would 
be  uniformly  dcK&ribed  in  the  same  time  with  tbe  final  we^ 
locitj,  which  space  is  the  direct  measure  of  this  velocitj-y 
and  because  halves  hare  the  'same  proportion  with  the 
wholes— *we  may  say,  that  aceeleraiing  fnres  are  proper^ 
tioncd  to  Ike  spacei  tknmgk  whiek  theg  imptl  a  be^Jrom  reit 
in  equal  times  bg^' their  unifarm  actitm. 

This  is  an  important  remark ;  because  it  gives  us  an 
easy  measure  of  the  force,  without  the  trouble  of  first 
eomputing  the  velocities.     It  also  gives  us  the  only  dis^ 
tinct  notion  that  we  have  of  the  measurement  erf  forces 
by  the  motions  which  they  produce.    When  speaking  of 
the  composition  of  forces,  we  distinguished  or  deiiomj- 
nated  them  by  the  sides  and  diagonal  of  a  paralldogram. 
These  linesmust  be  conceived  as  proportional  to  the  spaces 
through  which  the  forces  urge  the  body  unifomdy  during 
the  small  and  insensible  time  of  their  action,  which  time 
is  supposed  to  be  the  same  for  both  forces;  for  the  sides 
of  the  parallelogram  are  supposed  to  be  separately  d^ 
scribed  in  equal  times,  and  therefore  to  be  pr'oportional  to 
the  velocities  generated  by  the  constituent  forced.    If 
indeed  the  forces  do  not  Act  uniformly,  nor  similarly,  nor 
during  equal  times,  we  cannot  say  (without  farther  invest 
tigation)  what  is  the  proportion  of  the  intensity  of  the 
forces,  nor  can  we  infer  tbe  composition  of  their  action. 
We  must  at  least  suppose,  that  in  every  instant  of 'this 
very  small  time  of  their  joint  action,  their  direction  re- 
mains unchanged,  and  that  their  intensities  are  in  the 
same  ratio.    We  shall  see  by  and  by,  that  with  these 
conditions  the  sides  of  the  parallelogram  are  still  propor^ 
tional  to  the  velocities  generated.    In  the  mean  time,  we 
may  take  tbe  spaces  through  which  a  body  is  uniformly 
impelled  from  rest  (that  is,  with  a  uniformly  accelerated 
motion)  as  the  measures  of  the  forces ;  yet  these  spaces 
are  but  the  halves  of  the  measures  of  the  velocities.  Then^ 
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if  a  body  be  teoTiiig  with  ike  Telocitjr  of  3S  feet  per  ee*- 
cond,  and  an  accelerating  force  acts  on  it  dniiog  a  seeond^ 
and  if  thil  force  be  such  that  it  would  impel  the  bod/ 
(from  a  state  of  rest)  1 6  feet,  it  will  add  to  the  body  « 
telocitjr  of  32  ftet  per  second.  Accordingljr,  this  is  the 
effect  of  gravity-^— the  weight  of  a  pound  of  lead  may  be 
oensidered  as  a  fords  which  does  not  vary  in  its  intensity. 
We  know  that  it  will  cause  the  lead  to  tijl  16  feet  in  a 
seoond ;  but  if  the  bddjr  has  dready  fallen  16  f^et,  we 
know  that  it  is  then  moving  With  the  velocity  of  9S  feel 
per  second*  And  the  fact  is,  that  it  will  fail  48  feet  far« 
ther  in  the  next  second,  and  will  have  acquired  the  velo- 
city of  64  feet  |>er  second.  It  has  therefore  received  an 
augmentation  of  33  feet  of  velocity  by  the  action  of  gra- 
vity during  the  second  second ;  and  gravity  is  in  fact  a 
constant  forcC)  causing  equal  increments  of  velocity  in 
equal  times,  however  great  the  velocities  may  be.  It  does 
not  act  like  a  stream  of  fluid,  whose  impulse  or  action 
diminishes  as  the  sdid  body  withdriiws  from  it  by  yield** 

But  supposing  thai  we  have  not  compared  the  increments 
of  velocity  Unifoftidy  acquired  during  equal  times,  in  what 
manner  shall  we  measure  the  accelerating  forces  P  In  such 
'ft  case,  that  force  must  be  acdounted  double  which  gene- 
rates the  same  velocity,  by  acting  uniformly  during  half 
the  time ;  for  when  the  force  is  supposed  invariable,  the 
changes  of  velocity  which  it  produces  are  proportional  to 
t  4he  times  of  its  action  $  therefore  if  it  produces  an  equal 

velocity  in  half  the  time,  it  will  produce  a  double  velocity 
in  an  equal  time,  and  is  therefore  a  double  force.  The 
same  may  be  said  of  every  proportion  of  time  in .  which 
an  eqnal  change  of  velocity  is  produced  by  the  uniform 
action  of  an  accelerating  force.  The  force  must  be  ac- 
counted greater  in  the  same  proportion  that  the  time 
required  for  the  production  of  a  given  velocity  in  a  body 
is  less.    Hence  we  infer,  that  accdtrating  forcet  are  m? 
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Dcrsefy  proportional  to  the  time'  in  which  a  given^change  of 

velocity  is  produced  by  their  uniform  action. 
By  combining  these  tvro  propositions  we  establish  this 

general  theorem ; 

.   82.  Accelerating  forces  are  proportional  to  the  changes  of 

velocity  .which  they  produce  in  a  body  by  their  uniform 

action  directly;  and  to  the  times  in  which  these  changes 

are  produced  inversely. 

If,  therefore,  A  and  a  are  the  forces,  \'  and  t/  the 

changes  of  velocitj,  and  T'  and  t!  the  proportioils  of  time 

in  which  they  are  uniformly  produced,  we  hard 

» 

And  a  ==  -J-. 

The  formula  ct4=-p-  is  iiot  i^trlcted  to  any  particular 

kiagnitude  of  v'  and  ('.  It  is  true,  therefore^  when  the 
portion  of  time  is  diminished  without  end ;  for  since  the 
action  is  supposed  uniform,  the  increment  of  velocity  is 
lessened  in  the  same  proportion,  and  the  value  of  the  frao- 

tion  -y-  remains  the  same;    The  characters  or  symbok  tf 

and  f  are  commonly  used  to  express  Jinite  portions,  of  v 

and  L  The  symbols  v  and  t  are  u^d  by  Newton  to  ex« 
press  the  same  things  taken  in  the  ultimate  or  limit>- 
ing  ratio.  They  are  usually  considered  as  ind^nitely 
small  portions  of  v  and  t*    We  small  abide  by  the  formula 

V 

•    t 

83v  It  must  always  be  kept  in  hiind,  that  t  and  t  are  ab- 
stract numbers ;  and  that  v  refers  to  some  unit  of  space, 
such  as  a  foot,  an  inch,  a  yard ;  and  that  t  refers  to  some 
unit  of  time,  such  as  an -hour,  a  minute^  a  second;  and  es« 
pecially  that  a  is  the  number  of  the  same  units  of  space, 
which  will  be  uniformly  described  in  one  unit  of  the  time 

/ 
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wiih  the  vdodty  generated,  by  the  forde  acting  uniforml j 
during' thai  unit.  It  is  twice  the  space  actually  described  by 
the  body  during  that  unit  when  impelled  from  rest  by  the 
accelerating  force.  It  is  necessary  to  keep  hold  of  these 
clear  ideas  of  the  quantities  expressed  by  the  syiplM>l8. 

On  the  other  hand,  when  the  measure  of  the  accelera- 
ting force  is  previously  known,  we  employ  the  theorem 
at  zsv' ;  that  is,  the  addition  made  to  the  velocity  during 
the  whole,  or  any  part,  of  the  time  of  the  action  o^  the 
force,  is  obtiuned  by  multiplying  the  acceleration  of  one 
unit  of  time  by  the  number  of  such  units  contained  in  V. 
'  These  are  evidently  leading  theorems  in  dynamics; 
because  all  the  mechanical  powers  of  nature  come  undef 
the  predicament  of  accelerating  or  retarding  forces.  It  is 
tbe  collection  of  these  in  any  subject,  and  the  manner  in 
which  they  accompany,  or  are  inherent  in  it,  which  deter- 
mine the  mechanical  character  of  that  subject ;  and  there- 
fore the  phenomena  by  which  they  are  brougtit  into  view 
are  the  characteristic  phenomena.  Nay,  it  m(iy  even  be 
questioned,  whether  the  phenomena  bring  any  thing  qiore 
into  view.  This  force,  of  which  we  speak  so  familiarly, 
is  no  object  of  distinct  conteqaplation ;   it  is  merely  a 

'  something  that  is  proportional  to  -7-.    And  when  we  ob- 

y 

serve,  that  the  ^,  found  in  the  motions  that  result  from 

T 

the  vicinity  of  a  body  A,  is  double  of  the  -— ,  which  results 

from  the  vicinity  of  another  body  B ;  we  say  that  a  force 
resides  in  A,  and  that  it  is  double  of  the  force  residing  in 
B.  The  accelerations  age  the  things  immediately  and 
truly  expressed  by  these  symbols.  And  the  whole  science 
of  dynamics  may  be  completely  taught  without  once  em- 
ploying the  word  force,  or  the  conception  which  we  imagine 
that  we  form  of  it.     It  is  of  no  use  till  we  come  to  study 
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the  mechanieiil  kistorjr  of  bedims.  Tlmi^  ittdeed^  ire  mort 
have  f onie  way  of  expresaing  Ike  fact,  that  an  acceleratkiifc 

=r — Y» — ;!«  observ^  in  every  thiqg  on  the  surface  of 

this  globe ;  and  that  an  acceleration  =  ^ — p-, —   is  ob- 

Hnred  over  all  tb^  surface  i^  the  mm.  These  faets  ai^ 
cbaracteristk  of  this  earth  and  o(  ^e  siin;  ai|d  we  ea^rest 
them  shortly  tqr  saying,  that  such  and  such  forces  rfsid^ 
in  the  earth  «nd  i^  the  suti.  It  i^ill  preserve  us  front 
many  mistakes  and  fiiuialing  doubts,  if  we  resolutdy  ad« 
here  to  this  me^wig  of  the  term^brce  ;  and  this  will  carry 
nathematioal  evidanoe  through  the  whole  of  ouc  mvefti* 
gabions. 

84f.  As  Telocity  is  opt  an  immediate  Qigeot  df  oontemplat 
tion»  and  all  that  we  observe  erf  motion  i^  a  apao^  and  a  tim^ 
it  may  be  proper  to  give  an  e^^pression  of  this  measure  of 
accelerating  force  which  involves  no  other  idea.   Supposing 

the  body  to  have  been  previously  at  rest,  we  l^ave  ft  =4=  -r-. 

3||ultip!y  both  parts  of  the  fraction  bj  I,  which  does  iio( 

change  its  value,  and  we  have  a  ==  jj-.     Put  vt=Z8{  and 

ther6forea=f=  .—•* 

* 

8 

The  formula  «  =  -j^  is  equivalent  to  the  proportion 

t^  :  1  :=# :  a;  and  a  would  then  be  the  space  through 
which  the  accelerating  force  would  impel  the  body  in  one 
unit  of  the  time  t  But  this  ia  qnly  half  of  the  measure 
of  the  velocity  which  the  accelerating  force  generates 
during  that  unit  of  time.  For  this  reason  we  did  not 
express  the  accelerating  forcer  by  an  ordinary  equation, 
but  used  the  symbol  =.  In  this  case,  therefore,  of  uni- 
form action,  we  may  express  the  accelerating  force  by 


^um 
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The  following  theorem  u  of  still  more  exteoni^e  use  in 
all  dynamical  disquisitions. 

85»  jiecderaiing  forces  cere  prcpBriional  to  the  momentary 

ineremenie  rfthe  squares  of  the  vtloeities  directly ^  and  to 

the  spaces  edang  which  th$y  are  wdforndy  acquired  tTt- 

t)ersefy. 

I.et  A'B,  A'C,  and  AD  (fig.  14.),  be  three  lines,  dncrib- 

ed  in  the  imme  (wr  equal  times  by  the  uniform  action  of  ac- 

^aknitiog  fiwees ;  the  motions  along  these  lines  will  be 

muformly  accelerated,  and  the  lines  themselves  will  be 

proportional  to  the  foroes^  and  may  be  employed  as  their 

measures*    On  the  greatest  of  them  AD,  describe  the  se*- 

snkircle  ABCD,  and  apply  the  other  two  lines  A'B,  A'C 

as  chords  AB,  AC.     Draw  £B,  FC  perpendicular  to  AD. 

Take  any  small  portions  B&,  Cc  of  AB  and  AC,  and  draw 

h  Cf  cf  perpendicular  to  AD,  and  £  h  and  F  k  parallel  to 

ABandAC. 

Then,  because  the  triangles  DAB  and  BAl^  are  similar, 
ve  have  AD  :  AE  =  AD^  :  AB''.  And  because  AD  is 
to  AB  as  the  velocity  generated  at  D  is  to  the  velocity 
generated  at  B  (the  times  being  equal),  we  have  AD  to 
A£  as  the  square  of  the  velocity  at  D  to  the  square  of  the 
rek>city  at  B ;  which  we  may  express  thus : 
AD:  AE  =  VSD:  VSB. 
JFor  the  same  reasons  we  have  also ' 

AD  ;  AF  =  VS  D  :  VS  C.     Therefore 
AE:  AF  =  V«,B  :  ¥%  C. 
But  because  in  any  unifonnly  accelerated  motion,  the 
spaces  are  as  the  squares  of  the  acquired  velocities,  we 
have  also 

AE:  A€  =  VSB;  V«i,  and 
AF  :  A/=  VS  B  :  V«  c. 
Therefore  E  e  is  to  Vf  as  the  increment  of  the  sqiiare 
of  the  velocity  acquired  in  the  motion  along  B&  to  the 
increment  of  the  square  of  the  velocity  acquired  along  C  c. 
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But,  by  stmiiaritj  of  the  triangles  ABD  and  £  e  i»  we 
have 

AB  :  AD.  =  £  e  :  £  A ;;  and,  in  like  maail?r,, 
AD :  AC  =  F  fc :  F/.    Therefore  - 

AB  :  AC  =  E^j  X  Fi  :  F/x  EA.  . 

Now  AB  and  AC  are  proportional  to  the  forces 
which  accelerate  the  body,  along  the  lines  A'B  and  A^C ; 
£  c  and  F/  are  proportional  to  the  incrementa  of  the 
•quares  of  the  velocities  acquired  in  the  motions  along  the 
portions  B  b  and  C  c;  and  £  h  and  F  k  are  equal  to  those 
portions  respectively.  The  ratio  of  AB  to  AC  is  com- 
pounded of  the  direct  ratio  of  £  e  to  Ff;  and  the  inverse 
ratio,  of  £  A  to  Fir.  The  proposkioa  is  therefore  demon- 
strated. 

The  proportion  nuiy  be  es^pressed  thu^ : 

E  ff       F  /* 

AB  :  AG  =    p  .   :  -prr,  and  may  be  expressed  by 

the  proportional  equation  AB===  ^rr  or,  symbolically^^ 


Remark.  Because  the  motion  alone  any  of  these  three 
lines  is  uniformly  accelerated,  the  relation  between  spaces, 
times,  and  velocities,  may  be  repiresented  by  means  of  the. 
triangle  ABC  (fig.  15.) ;  where  AB  repsresents  the  tkne, 
BC  the  velocity,  and  ABC  the  space.  If  BC  be  taken 
equal  to  AB,  the  triangle  is  half  of  the  square  ABCF  of 
the  velocity  BC ;  and  the  triangle  AD£  is  half  of  the 
square  AD£G  of  the  velocity  D£.  I«et  Dii  and  B  A  be 
two  moments  of  time,  equal  or  unequal.  Then  DdeE 
and  B  6  c  C  are  half  the  increments  of  th^  squares  of  the. 
velocities  DE  and.  BC,  acquired  during  the  moments  D  d 
and  B  A.  It  was  demonstrated,  that  the  r^tio  of  the  area 
D  d  e  £  to  the  area  B  A  c  C  b  compounded  of  the  rati^  of 
DE  to  BC,  and  the  ultimate  ratio  of  D  <f  to  B  A.  But  B,d 
and  B  A  are  respectively  equal  to  i  e  and  »  c.     There- 


I 
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fore  D  d  e  E  is  to  B  S  c  C,  in  the  ratio  compounded,  of  the 
ratio  of  DE  to  BC,  and  the  ultimate  ratio  of  i  e  to  «  c.  If. 
we  represent  DE  and  BC  by  V  and  t^,  the  i  e  and  »  c  must 
be  represented  by  V  and  v'  the  increments  of  V  and  v ; 
and  then  the  compound  ratio  will  be  the  ratio  of  VV'  to 
vv' ;  and  if  we  take  the  ultimate  ratio  of  the  .moments^) 
and  consequently  the  ultimate  ratio  of  the  increments  of 
the  velocities,  we  have  the  ratio  of  VV  to  v  v.     If,  there-? 

fore,  V^  and  v^  represent  the  squares  of  the  velocities, 

•  •    • 

VV  ajid  V  V  will  represent,  i^ot  the  increments  of  those 
squares,  but  half  the  inorements  of  them. 

We    may    now   represent    this    proposition  concern- 
ing accelerating  forces  by   the    proportional    equation 

a  ==  -:- ;  f^nd  WQ  must  consider  this  as  equivalent  with 

8 

V«—  ©« 
a  =  Q  fc^^  ^  y  keeping  always  in  n^ind,  that  a,  V,  fmd  r, 

relate  to  the  same  units  of  time  and  space,  and  that  a  it 
that  number  of  units  of  the  scale  on  which  S  and  s  ara^ 
measured,  which  is  run  over  in  one  unit  of  time. 

This  will  be  more  clearly  conceived  by  taking  im  ex«  * 
ample.  Let  us  ascertain  the  accelerative  power  of  gra«> 
vity,  supposing  it  to  act  uniformly  on  a  body.  Let  the 
spaces  be  measured  in  feet  /ind  the  time  in  seconds.  It  is 
a  matter  of  observation,  that  when  a  body  has  fallen  64 
feet,  ^t  has  acquired  a  velocity  of  64  feet  per  second :  and 
that  when  it  has  fallen  144  feet,  it  has  acquired  the  velo- 
city of  96  feet  per  second.  We  want  to  determine  'what 
velocity  gravity  communicated  to  it  by  acting  on  it  dnv- 
ing  one  second.  We  have  V*  ss  921^  and  «?«  =  40^6; 
and  therefore  V^  —  r«  =  5180.  S  =  144,  and  «  =  64, 
and  S  —  s  =  80,  and   2    (S  —  *)  =  160.       Now 

a  =  -|-^7y>  =  32.     Therefore  gravity  has  generated  the 

velocity  32  feet  per  second  by  acting  uniformly  during 
one  second.  ' 
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86.  Tht  aiigmaUaiim  rf  Ae  sjmre  i^  th  vdacUy  18  pf^^ 
ti^nal  to  the  farce  and  to  the  space  joinify*    For  became 


^  ^^  %I,  we  have  a  $  sz  vv. 


Thus  we  learn,  that  a  gi^en  foree,  acting  unifonnlj  on 
a  body  along  a  given  space,  produces  the  same  incremeofc 
of  the  square  of  the  yelocitj,  whatever  the  previous  velo* 
citj  may  have  been.  Also,  in  the  same  mannor  as  we 
formerly  found  that  the  augfnentation  of  the  velocity  waa 
proportioned  to  the  time  during  which  the  fprce  has  act- 
ed,  so  the  augmentation  of  the  square  of  the  velocity  is 
proportional  to  the  space  along  which  it  has  acted, 

It  is  pretty  plain,  that  all  that  we  have  said  of  the  uni- 
form action  of  an  accelerating  force  may  be  affirmed  of  a 
retarding  forcCf  taking  a  diminution  or  decrement  of  velo- 
city in  place  of  an  increment.  A  uniformly  retarded  mo- 
tion is  that  in  which  the  decrements  of  velopty  in  equal 
times  are  equal,  and  the  whole  decrements  are  propor- 
tional to  the  whole  times  of  action.  Such  a  motion  is 
the  indication  of  a  constant  or  invariable  force  acting  in 
Ji  direction  oppojiite  ^to  that  of  the  motion*  We  conceive 
this  to  be  the  case  when  an  arrow  b  shot  perpendicularly 
upwards ;  its  weight  is  conceived  as  a  force  continually 
pressing  it  perpendicularly  downwards. 

In  such  motions,  however  great  the  initial  velocity  may 
he,  the  body  will  com^  to  rest :  because  a  certain  deter- 
mined velocity  will  be  taken  from  the  body  in  each  equal 
successive  moment,  and  some  multiple  of  this  will  exceed 
the  initial  velocity.  Therefore  the  velocity  will  be  ex- 
tinguished before  the  end  of  a  time  that  is  the  same  mul- 
tiple of  the  time  in  which  the  velocity  was  diminished  by 
the  quantity  above  mentioned.  It  is  no  less  evident,  that 
the  tiine  in  which  any  velocity  will  be  extinguished  by  an 
opposing  or  retarding  force  is  equal  to  the  time  in  which 
the  same  force  would  generate  this  Alocity  in  tl)e  budjT 
previously  at  rest.    Therefore, 
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S7.  Ut.  The  timesi  in  wbidi  iSSErnxki  initial  velockiet 
wiH  be  ettingidshed  by  the  same  opposing  force  are  pro* 
poitional  to  the  initial  velocitscs. 

68.  ScL  The  disUnpes  to  which  the  body  will  go  till 
the  extinction  of  its  velocity  are  as  the  squares  of  the  ini« 
tial  veloeities. 

3d.   They  are  also  as  the  squares  of  the  times  elapsed. 

8^.  44h,  The  Stance  to  which  a  body,  projected  with 
any  velocity,  will  go  till  its  mption  be  extinguished  by  the 
uniform  action  of  a  retarding  force,  is  one  half  of  the 
space  which  it  would  describe  uniformly  during  the  sanie 

time  with  the  Initial  velocity. 

# 

It  very  rarely  happens,  that  the  force  which  accelerates 
the  body  act$  uniformly,  or  with  ftn  unvaried  intensity. 
The  attraction  of  a  magnet,  for  example,  increases  as  the 
iron  approaches  it.  The  pressure  of  a  spring  diminishes 
as  it  unbends.  The  impulse  of  ^  stream  of  water  or  wind 
diminishes  as  the  impelled  surface  retires  froip  it  by  yield* 
ing.  Therefore  the  effects  of  accelerating  forces  a^e  very 
imperfectly  explained,  till  we  haye  shewq  what  motions 
result  from  any  given  variation  of  force,  and  ^ow  to  dis- 
cover the  variation  of  force  from  the  observed  motion. 
This  last  question  is  perhaps  the  most  important  in  the 
study  of  mechanical  nature.  It  is  only' thus  that  we  learn 
^hat  is  usually  called  the  nature  of  a  mechanical  force^ 
This  chiefly  consists  in  the  relation  subsisting  between 
the  intensity  of  the  force  and  the  distance  of  the  substance 
in  which  it  resides.  Thus  the  nature  of  that  power  which 
produces  all  the  planetary  motions,  is  considered  as  ascer* 
tained  when  we  have  demonstrated  that  its  pressure  or 
intensity  is  inversely  as  the  square  of  the  dbtance  from 
the  body  in  which  It  is  supposed  to  reside. 

Acceleration  expresses  some  relation  of  the  velocity  and 
time.  This  relation  may  be  geometrically  expressed  in  a 
variety  of  ways.    In  figure  13.  the  uniform  acceleration 


103  DYNAMICS. 

or  the  universal  relation  between  the  velocity  and  the 
time  is  very  aptly  expressed  by  the  constant  ratio  of  the 
ordinates  and  abscisses  of  the  triangle  agy.  The  ratio  of 
i^ioud  is  the  same  with  that  of  e  i  to  a  f,  or  that  of  fp 
to  af^  &c. ;  or  the  ratio  of  the  increment  of  velocity  «-  » 
to  the  increment  of  the  time  ^  «-  or  6  c,  or  that  of  i  p  to 


•  iy  &c.    Tl^is  ratio  «*  » : «-  /s  is  ^quiv^lent  to  the  symbol  ~^* 

But  when  the  spaces  described  ip  a  varied  piotion  are 
represented  by  the  areas  bounded  by  a  curve  line  hk  o^ 
we  no  longer  have  that  constant  i^tio  of  the  increments 
of  the  ordinates  and  abscisses. 

90.  Therefore,  in  order  to  obtain  measures  of  the  ac- 
celerating forces^  or  a^  least  qf  their  proportions,  let  the 
pbscissa  <itg  (fig.  13.)  of  the  line  hk  o,  again  represent 
the  time  of  a  motion.  But  lef;  the  areas  bounded  by  pa« 
irallel  ordinates  now  represent  the  velocities,  that  is,  let 
the  whole  area  increase  ^Mring  the  time  a  ^  at  the  same 
rate  with  the  velocities  of  thf}  motion  along  the  line  AG- 
In  this  case  (he  ordinates  h  t,  c  k^  d  I,  &c.  will  be  as  the 
accelerations  at  ^he  instants  6,  c,  d,  &c.  or  in  the  pointy 
B,  C,  D,  &c. 

This  is  demonstrated  ia  the  same  "way  as  the  former 
proposition  (No.  72)  If  the  accelerating  force  be  sup- 
posed  constant  during  any  t^o  equal  moments  ^  c  and 
fg,  the  rectangles  b  cp  t  and  f  g  xs  would  express  the 
increments  of  velocity  uniformly  acquired  in  equal  times, 
and  their  bases  c  p  and  /  s  would  have  the  ratio  of  the 
accelerations,  or  of  the  accelerating  forces.  But  as  the 
velocities  expressed  by  the  figure  increase  faster  than  the 
times  during  every  moment,  the  force  at  the  instant  c  is 
to  the  force  at  the  instant/ in  a  greater  ratio  than  that  of 
^ p  to  fs;  but,  for  similar  reasons,  it  is  in  a  less  ratio 
than  that  of  c  j  to  /  r ;  and  therefore  (as  in  the  other 
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proposition)  tbe  force  at  the  inntant  e  is  to  tue  force  at  the 
instant  y  as  c  k  to  fn. 

91.  Cor.  Because  I;  p  is  to  /  9  in  the  ratio  eompounded 
of  the  direct  ratio  of  the  rectangle  c  p  e  6  to  the  rectangle 
f9  X  gj  and  the  inverse  ratio  of  the  altitude  ft  c  to  the  al- 
titudes^ ;  and  because  these  rectangles  ai'e  proportional 
to  the  uicrements  of  velocity,  and  the  ultimate  ratio  of 
the  altitudes  is  the  uHimate  ratio  of  the  moments  or  in- 
crements of  the  time-— we  must  say,  that  the  aceeltrating 
firces  (that  i$,  their  intensities  or  pressures  producing  acce- 
Itration)  are  directly  as  the  increments  of  velocity^  and  in^ 
f>ersefy  as  the  increments  of  the  times :  Which  proposition 
maj  be  expressed,  in  regard  to  two  accelerations  A  and  a, 
by  this  analogy : 


_  V     i 

i 


A  :  a  =  -1: 
T 


Or  by  tbe  proportional  eijiiation  a  =  £..      AI$o 

i 

a   t  ==>  V  ,  and  Pa  iz=:v\    And  thus  do  these  iheoretns 

extend  even  to  the  cases  where  there  cannot  be  observed 
an  immediate  measure,  either  of  velocity  or  of  accelera^ 
tion ;  because  neither  the  space  nor  the  velocity  inicreases 
uniformly* 

The  theorem  a  ===  -r-  is  employed  when  we  would  disi- ' 

cover  the  variation  in  th^  intensity  of  some  natural  powen 
We  observe  the  motion,  and  represent  it  by  a  figure  ana- 
logous to  fig.  13.  where  the  abscissa '  represents  the 
iimea,  and  the  area  is  made  to  increase  at  the  same  rate 
with  the  spaces  described.  Tben  tbe  prdinates  will  re- 
present the  velocities,  or  have  the  proportion  of  the  ve- 
locities. *  Then  we  may  draw  a  second  curve  oh  the  other 


110  DYNAMIG& 

side  of  the  same  abfcisia,  such  that  the  areas  of  this  last 
curve  shall  be  proportional  to  the  ordinates  of  the  first. 
The  ordinates  of  this  last  curve  are  proportional  to  the 
accelerating  forces.* 

98.  On  the  other  hand,  when  we  know  from  other  cir^ 
^umstancesthat  a  force,  varying  according  to  some  known 
law,  acts  on  a  body,  we  can  determine  its  motion.  The 
intensity  of  the  force  in  every  instant  being  known,  we 
can  draw  a  line  so  related  to  another  line  representing 
the  time  that  the  ordinates  shall  be  proportional  to  the 
forces :  The  areas  will  be  proportional  to  the  velocities. 
We  can  draw  another  curve  to  the  same  absciss,  such  that 
the  ordinates  of  this  shall  be  proportional  to  the  areas  of 
the  other,  that  is,  to  the  velocities  of  the  motion.  Th4 
areas  of  this  second  curve  will  be  proportional  to  the 
i^paces  described; 

93.  We  must  ndw  observe^  thai  all  that  has  been  said 
Con^ertlin^  the  effects  of  accelerating  forces  continually 
varying,  relates  to  changes  of  knotlon,  independent  of 
what  the  absolute  motions  may  be.  The  areas  of  the 
line  whose  ordinates  represent  the  velocities  do  not  neces- 
sarily represent  the  spaces  described,  but  the  change  made 
cm  the  spaces  described  in  the  same  timei  not  the  mo* 
tioas,  but  the  changes  of  motion.  If^  indeed,  the  body  be 
supposed  to  be  at  rest  when  the  forces  begin  to  ad,  these 
areas  represent  the  very  spaces  that  are  passed'  over,  and 
the  ordinates  are  the  very  velodties.  In  every  case, 
however,  the  accelerations  are  the  real  increments  of  the 
velocities. 

This  circumstance  gives  a  great  extension  to  our  tiieo* 
terns,  and  enables  us  to  ascertain  the  disturbances  of  any 
species  of  regular  motion,  apart  from  the  motions  them- 
selves^  and  thus  avoid  a  -complication  which  would  fre- 


*   See  Barrow^s  Led.  Gwmetr.  passinn 
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quentlj  be  inextricable  in  any  oUber  waj.  And  tkis  pro* 
€688,  which  U  Bierely  matbemaiical,  is  perfectly  conform- 
able  to  mechiuiieal  principlea.  It  is  in  fact  an  application 
of  the  doctrine  c^*  the  composition  of  motion ;  a  doctrine 
rigidly  demonstrated  when  we  measure  a  mechanical  force  ^ 
by  the  change  of  motion  which  it  produces*  Acceleration 
la  the  continual  composition  of  a  new  nsotion  with  the 
niiotion  already  produced. 

We  may  team  from  this  inTCstigation  of  the  yalue  of 
an  accelerating  force,  that  no  finite  change  of  vekcity  is 
effected  in  an  instant  by  the  action  of  an  aceeleratiiig  foree* 
When  the  fig*  13.  is  used  for  the  scale  of  accelefations^ 
and  they  are  represented  by  the  ordinates  of  the  line  A  i  e^ 
the  increment  of  Telocity  is  represented  by  an  ai'ea,  that 
is,  by  a  slip  of  the  whole  area ;  which  sl^  most  have 
some  altitnde,  or  must  oceupy  some  portion  of  the  ab^ 
acissa  which  represents  time.  Some  portion  of  time, 
boweTeramall  it  may  be,  must  elapse  before  my  measnr* 
able  additiim  can  be  made  to  the  velocity.  The  Telocity 
must  chwige  cmuinmlfy.  As  no  motion  can  be  oonceiTeA 
as  instantaneous^  because  this  would  be  to  conceire,  that 
in  Qii6  instant  the  moTing  partiekf  is  in  cTery  point  of  its 
nomeDtary  path }  so  no  Telocity  can  change^  by  a  finite 
quantity,  in  one  instant ;  because  this  Would  be  to  cofr- 
ceiTe,  Uiat  in  that  instant  the  particle  had  all  the  inter- 
Tenin^  Telocities^  The  instant  of  change  is  at  once  the 
last  instant  of  the  preceding  Telocity,  and  th^  first  of  the 
succeeding^  and  therefore  must  belong  to  both.  This 
cannot  be  conceiTed,  or  is  absurd.  As  a  body,  in  passing 
from  one  part  of  space  to  another,  must  pass  in  suc- 
cession through  all  the  intermediate  places ;  so,  in  pass^ 
•  ing  from  one  Telocity  to  another^  it  must  in  succession 
have  all  the  intermediate  Telocities.  It  must  be  conjUnualfy 
accelerated ;  we  must  not  say  graiually^  however  jsmajl 
the  steps. 
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94.  But  to  return  from  this  digression : 

The  most  frequent  cAses  which  come  under  examina* 
tion  do  not  dhew  us  the  relation  between  the  forces  and 
timeS)  but  the  relation  bistween  forces  and  spaces.  Thus, 
when  a  piece  of  iron  is  in  thb  neighbourhood  of  a  magnet, 
or  a  planet  is  considered  in  the  neighbourhood  of  the  sun, 
a  forbe  is  acting  on  it  in  ev^rf  point  of  its  path,  and  we 
have  discovered  that  the  intensity  of  this  fdrcfe  varies  in  a 
fcertain  proportion.  'Thus,  a  spring  Varies  in  its  pressure 
as  it  unbends ;  gunpowder  presses  less  violently  as  it  ex- 
pands, 8cc.  &C; 

Our  knowledge  is  generally  i!onfined  to  softie  such  effect 
as  this.  We  know^  that  while  a  body  is  moving  along  a 
line  ADE  (fig.  16.),  it  is  urged  forward'  by  a  force,  of 
which  thd  intensity  varies  in  the  proportion  of  the  drdi- 
nates  BB^  CG,  DH,  EI^  &c.  of  the  line  F6HI. 

To  investigate  the  motion  or  change  of  motion  pro* 
dnced  by  the  aetion  of  thift  force;  let  CD  be  supposed  a 
very  small  portion  of  the  space  s,  which  we  txiay  express 
by  /.  Draw  GE  perpendiciilar  to  DH.  Then;  if  we 
suppose  that  the  force  acts  with  the  unvaried  intensity 
CG  through  the  whole  space  CD;  the  refctangle  CDKG 
will  express  half  of  the  increment  of  the  square  of  the  ve- 
locity (No.  85.)  We  may  suppose  that  the  force  acts  uni* 
fonnly  lilong  the  adjoining  small  space  Dr  with  the  in- 
•ttosity  DH.  The  rectangle  DH  o  r  will  in  like  manner 
express  another  half  increment  of  the  square  of  the  velo- 
city. And  in  like  niianner  we  may  obtain  a  succession  of 
such  increments.  The  aggregate  or  sum  of  them  all  will 
be  half  the  difference  between  the  square  of  the  velocity 
at  B  and  the  squai*e  of  the  velocity  at  E. 

If  we  employ  /to  express  the  indetermined  or  variable 
intensity  of  the  accelerating  force,  and  v  to  express  thfe 
variable  velocity,  and  v'  its  increment  ux^^irni^  acquired  ; 
then  the  rectangle  CDKG  will  be  expressed  hyfs\    We 
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iave  seen  that  this  is  equal  to  o  e''  Therefore,  ia 
ererjr  case  where  we  can  tell  the  aggregate  of  ail  the 
quantities  /  «,  it  is  plain  that  we  Will  obtain  half 
the  difference  between  the  sqtiftres  of  the  velocities  '^ 
in  B  and  E«  on  the  supposition  that  the  intensi- 
ty of  the  force  was  constant  along  each  little  space,  and 
raried  bj  starts.  Then,  1^  increasing  the  ntimber,  and 
diminishing  the  magnitude,  of  those  little  portions  of  Che 
space  without  end,  it  is  evident  that  We  terminate  in  the 
expression  of  the  real  state  of  the  case,  t  e.  of  a  force 
varying  continually ;  and  that  in  this  dtHe  the  aggregate 
of  these  rectangles  occupies  the  whole  area  ABIF,  and  is 

equivalent  to  the  fluent  of /s,  or  to  the  symbol  ffi 

used  by  the  foreign  mathematlciaBa  to  express  this  fluent, 
which  they  indeed  conceive  as  an  aggregate  of  small 
nctangles  /s'.  And  we  see  that  this  area  depresses  half 
ef  the  augmentation  of  the  square  of  the  velocity* 
.Therefore, 

Iftlu  abtduA  A£  (fig.  16.)  of  tt  line  F6I  tV  ike  path 
^(mg  whkk  a  ho^  i»  wrgei  hy  toy  acetUrmting  force,  and 
if  ike  ofdcmttes  BF,  CG,  DH,  4t.  are  prapariiomU  to  the 
fofee9  mMig  in  thepoinU  B,  C«  D,  4'<^«  the  iniercepted  areas 
BCgF,  B£IF,  4rC'  are  proportional  to  the  <iugmenkUion8  of 
•lie  ^nare  4f  the  vetod^*  * 

Observe  that  the  areas  BC6P  and  D£tB  are  also  pro* 
portiooal  to  the  augmentations  made  on  the  squares  of  the 
velocities  in  B  and  in  D. 

Observe  also,  that  it  is  iodiiFereat  what  may  have  been 
the  original  velocity.  The  action  of  the  forces  represent-* 
cd  by  the  ordinates  make  always  the  same  addition  to  its 
square;  and  this  addition  is  half  the  square  of  the  veloci-* 
ty  which  those  forces  would  generate  in  the  body  by  im- 
'  pdling  it  from  rest  in  the  point  A.  ~ 

^  See  Ncwton^s  PHiiclpla,  i.  39. 

Vol.  x«  h 
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96.  Lastly,  on  this  heady  observe,  that  we  can  state  wliat 
constant  or  variable  force  will  make  the  same  augmenta- 
tion of  the  square  of  the  velocity  by  impelling  the  body 
uniformly  along  the  same  space  BE ;  or  ^long  what  space 
a  given  force  mtist  impel  the  body,  in  order  to  produce 
the  same  increase  of  the  square  of  its  velocity.  In 
the  first  case,  we  iiave  only  to  make  a  rectangle 
BEN  ^  equd  to  the  area  BEIF,  and  then  B  ^  is  the 
intensity  of  the  constant  force  wanteds  In  the  second 
case,  in  which  the  force  EO  is  given,  we  must  make  the 
rectangle  A  «  OE  equal  to  the  area  BEIF,  and  A£  is  the 
space  required. 

97-  The  converse  of  this  proposition,  viz.  If  the  drtOM 
credos  the  increments  of  the  square  of  the  velocity ^  the  ordinates 
are,  as  theforces^  is  easily  demonstrated  in  the  same  way  ( 
for  if  the  elementary  areas  CDK6  and  £IM  e  represent 
increments  of  the- squares  of  the  vel<k:ity,  the  accelerating 
forces  are  in  the  ratio  compounded  of  the  direct  ratio  of 
these  rectangles,  and  the  inverse  ratio  of  their  altitudes, 
because  these  altitudes  are  the  increments  of  the  space 
(No  85.)  Now  the  base  CG  of  the  rectangle  CDKG,  is  to 
«the  base  EI  of  the  rectangle  EIM  e  in  the  same  com- 
pounded ratio ;  therefore  the  force  in  C  is  to  the  force  in 
EasCGtoEI. 

98.  The  line  hko  (fig.  13.)  was  called  by  Dr  Barrow, 
who  fifst  introduced  this  extensive  employment  of  motipn 
into  geometry),  the  scale,  of  velocities ;  and  the  line  FHL 
(fig.  16.)  was  named  by  him  the  scale  ofacceleraiions*  Her* 
maun,  in  his  Phoronomia^  cblls  it  the  scale  offerees.  We 
shalbf^^tisin  this  name,  and  we  may  call  h  k  o  o(  fig.  13.  the 
scale  of  accelerations,  when  the  areas  represent  the  velo- 
cities. Newton  added  another  scale  of  very  great  use, 
viz.  a  scale  of  times.     It  is  constructed  as  follow. 

99.  Let  ABE  (fig.  16.)  be  the  line  along  which  a  body 
is  accelerated,  and  let  FIJI  be  the  scale  of  forces,  that  is, 
having  its  ordinates  FB,  HD^  IE,  &c.  proportional  to  the 
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forces  acting  at  B,  B,  E,  F,  &c. ;  let /A  t  be  another  line 
so  related  to  AB£»  that  Cg\s  to  £  t  in  the  inverse  sub* 
duplicate  ratio  of  the  area  BFGC  to  the  area  BFI£ ;  or, 
to  express  it  more  generally;,  let  the  squares  of  the  prdi-« 
nates  to  the  line  fg  t'.be  inversely,  as  the  areas  of  the  line 
FHI  intercepted  between  these  ordinates  and  the  fir^t  or- 

.dinate  drawn  through  B  ;  then  the  times. of  the  bodies 
moving  from  a  state  of  rest  in  B  are  as  the  intercepted 
areas  of  the  cnrve.J^g  L  « 

For  let  CD  and  £  t  be  two  very  small  poitions  of  the 

«pace  described  equal  times.  They  will  be  ultimately 
as   the  velocities  in  C  and  £*     The  area  FBCG  is  to 

.the  area  FB£I  as  the  square  of  £  t  to  the  square  of  C  ^ 
(by  construction) ;  but  the  area  FBCG  is  to  FBJBI  as 

.the  square  of  the  velocity  at  C  to  the  square  of  the  velo- 
city at  £  (by  the  proposition;)  therefore : the  square  of 
the  velocity  at  C  is  to  the  square  of  the  velocity 
at  £  as  the  square  of  £  t  to  the  square  of  C  g* ;  there* 

.fore  E  t  is  to  C  g"  as  the  velocity  at  C  to  the  velocity  at 
E,  that  is,  as  CD  to  £  e :  but  since  E  t :  C  §•=  CD:  £  e, 

/we  have  Etx  Ee  =  C^x  CD,  and*  the  elementary 
rectangles  C  gkJ)  and  "Etim  e  are  equal,  and  may  repre^ 
sent  the  equal  moments -of  time  in  which  CD  and  £e 

.  were  described.  Thus  the  areas  of  the  line^ g*  I  will  repre^ 
sent  or  esqpress  the  times  of  describing  the  corresponding 

.  portions  of  the  abscissa. 

We  may  express  the  nature  of  this  scale  more  briefly 
thus.  Let  B  E  be  the  space  described  with  any  varied 
motion,  and  fg  I  a  curve,  svch  that  its  ordinates  are  in* 

. Tersely  'as  the  velocities  in  the  different  points  of  the  ab- 
scissa, then  the  area  will  be  as  the  times^of  describing  the 
corresponding  portions  of  the  abscissa* 

100.  In  all  the  cases  where  dur  mathematical  know» 
ledge  enables  us  to  assign  the  values  of  the  ordinates  of 
the  figure  16,  we  can  obtain  the  law  of  action  of  the 
forces,  or  the  nature  of  the  force  ;.  and  where  we  can  as« 
sign  the  value  of  the  areas  from  our  knowledge  of  the  pro* 
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portions  of  the  ordinates  or  ibrce9»  we  can  aaeertain  ibe 
Telocities  of  the  motion.  We  shall  pre  an  example  or 
tiro,  wUch  will  shew  the  waj  in  which  we  avail  ourseWes 
of  the  geometrical  properties  of  figure  in  order  to  ascer* 
tain  the  effects  of  mechanical  forces. 

l«t  Let  the  aceelerating  force  which  impels  tl^e  bodj 
along  the  line  AB  be  constant,  and  let  the  body  be  pre- 
▼ioosly  at  rest  in  B ;  the  line  which  bonnds  the  ordinates 
that  represent  the  forces  must  be  some  line  ^  HN  parallel 
to  AB.  The  area  BDH  P  is  to  the  area  BEN  f  as  the 
square  of  the  velocitj  at  D  to  the  square  of  the  Telocity 
at  E.  These  areas,  having  equal  bases  DH  and  EN,  are 
as  their  altitudes  BD  and  BE.  That  is,  the  spaces  de* 
scribed  are  as  the'  squares  of  the  acquirefd  velocities.  And 
we  see  that  this  characteristic  mark  of  uniformly  accet 
erated  motion  is  included  in  this  general  proposition. 

101.  2d.  Let  us  suppose  that  the  body  is  impelled  from  A 
(fig.  17.)  towards  the  point  C,  by  a  force  proportional  to 
its  distance  from  that  point  This  force  may  be  repre- 
sented by  the  ordinates  DA,  EB,  e  6,  8ic.  to  the  straight 
line  DC  We  may  take  any  magnitude  of  these  ordi- 
nates ;  that  is,  the  line  DC  may  make  any  angle  with  AC. 
It  will  simplify  the  investigation  if*  we  make  the  firM 
force  ADs:  AC.  About  C  describe  the  circle  AH  a,  cut- 
ting the  ordinate  EB  in  F ;  let  e  6  be  another  ordinate^ 
cutting  the  circle  in /very  near  to  F;  draw  CH  perpen- 
dicular to  AC,  and  make  the  arch  HA  =/F,  and  draw  he 
parallel  to  HC ;  join  FC  and  DH,  and  draw  F  g  perpen- 
dicular to/6.-   Let  IMLK  be  amttber  ordinate. ' 

The  area  DABE  is  to  the  area  DAKL  as  the  square  of 
the  velocity  at  B  to  the  square  of  the  velocity  at  K. 
But  DABE  is  the  excess  of  the  triangle  ADC  above  the 
triangle  EBC,  or  it  is  half  of  the  eicess  of  the  square  of 
CA  or  CF  above  the  square  of  CB,  that  is,  half  the 
square  of  BF.  In  like  manner,  the  area  DAEL  is  equal 
to  iialf  the  square  of  KM ;  but  halves  have  the  same 
ratio  as  the  integers ;  therefore  the  square  of  BF  is  to  the 
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f quare  of  EM  as  the  square  of  the  velocitj  at  B  to  die 
square  of  the  velocity  at  K ;  therefore  the  velocity  at  B 
is  to  the  velocity  at  E  as  BF  is  to  EM.  The  velocities 
«re  proporticmal  to  the  sines  ot  the  arches  of  the  quad«. 
raut  AFH  described  on  AC. 

Cm*.  1.  The  final  velocity  with  which  the  body  arrives 
at  C,  is  to  the  velocity  in  any  other  point  fi  ^  as  radius  to 
ihe  sine  of  the  arch  AF. 

Car.  S.  The  final  velocity  is  to  the  velocity  which  the^ 
body  would  acquire  by  the  uniform  action  of  the  initial 
Spree  at  A  as  1  to  v2;  for  the  rectangle  DACH  eit- 
presses  the  square  of  the  velocity  acquired  by  the  uniform 
oction  of  the  force  DA ;  and  this  is  double  of  the  triangle 
DAC ;  therefore  the  squares  of  these  velocities  are  as  1 
tukdtf  and  the  velocities  are  as  i/l  and  V^8»  or  as  1  to  V2. 

Car,  3.  The  time  of  describing  AB  is  to  the  time  of 
deacriMng  AC  as  the  arch  AF  to  the  quadrant  AFH. 

li  S.  For  when  the  arch  F/  is  diminished  continually, 
it  is  plain  that  the  triangle /tF  is  ultimately  similar  to 
CFB,  by  reason  of  the  .equal  angles  Ct&  (or  CFB)  and 
/tF,  and  the  right  angles  CBFand/Ft;  therefore  the 
triangles /g*  F  and  CBF  are  also  similar.  Moreover,  B  b, 
is  equal  to  F  gy  ¥f  is  equal  to  A  H,  which  is  ultimately 
equal  to  c  C ;  therefore  since  the  triangles /g-  F  and  TFB 
are  aimilar,  we  have  Fg* :  Ff=z¥B  :  FCzrFB  :  HC; 
therefore  B  ( is  to  c  C  as  FB  to  HC,  that  is,  as  the  veto- 
city  at  B  to  the  velocity  at  C ;  therefore  B  b  and  c  C  are 
desc^'ibed  in  equal  moments  when  indefinitely  small ;  conse- 
quently equal  portions  F/,  A  H,  of  the  quadrant  correspond 
to  equal  moments  of  ^e  accelerated  motion  along  the  ra- 
dius AC ;  and  the  arches  AF,  FM,  MH,  &c.  are  propor- 
tional to  the  times  of  describing  AB,  BE,  EC,  &c. 

Cor.  4.  The  time  ot*  describing  AC  with  the  unequally 
accelerated  motion,  is  to  the  time  of  describing  it  uni- 
formly with  the  final  vdocity,  as  the  quadraotal  aivch  is  to 
the  radins  of  a  circle ;  for  if  a  point  move  in  the  quad- 
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rantal  arch  so  as  to  be  in  P,/,  M,  H,  &c.  when  the  body 
is  in  B,  by  K,  C,  it  will  be  moving  uniformly,  because  the 
arches  are  proportional  to  the  times  of  describing  those 
portions  of  AC  ;  and  it  will  be  moving  with  the  velocity 
with  which  the  body  arrives  at  C,  because  the  arch  A  H  i< 
ultimately  =  C  c.  Now  if  two  bodies  move  uniformly 
with  this  velocity,  one  in  the  arch  AFH,  and  the  other  in 
the  radius  AC,  the  times  will  be  proportional  to  the 
spaces  uniformly  described ;  but  the  time  of  describing 
AFH  is  equal  to  the  time  of  the  accelerated  motion  alon^ 
AC  ;  therefore  the  proposition  h  manifest. 

103.  Cor,  5.  If  the  body  proceed  in  the  line  C  a,  and  be 
retarded  in  the  same  manner  that  it  was  accelerated  along 
AC,  the  time  of  describing  AC  upiformly  with  the  velo- 
city which  it  acquires  in  C  is  to  the  time  of  describing 
AC  a  with  the  varied  motion,  as  the  diameter  of  a  dircle 
to  the  circumference ;  for  because  the  momentary  retar- 
dations at  K',  B',  &c.  are  equal  to  the  accelerations  at  K 
and  B,  &c.  the  time  of  describing  AC  a  is  the  same  with 
that  of  describing  AH  a  uniformly  with  the  greatest  ye- 
locity ;  that  is,  to  the  time  of  describing  AC  uniformly 
as  AH  a  to  AC,  or  as  the  circumference  of  a  circle  to  the 
diameter.  Therefore,  &c.  N.  B.  In  this  case  of  retard- 
ing forces  it  is  convenient  to  represent  them  by  ordinates 
K'L,  B'E,  a  ly,  lying  on  the  other  side  of  the  axis  AC  a ; 
and  to  consider  the  areas  bounded  by  these  ordinates  as 
mbtractive  from  the  others.  Thus  the  square  of  the  ve* 
locity  at  K'  is  expressed  by  the  whole  area  DACK'L'C> 
the  part  CK'L',  being  negative  in  respect  of  the  point 
DAC.  This  observation  is  general. 
.  Cor.  6.  The  time  of  moving  along  KC,  the  half  of 
AC,  by  the  uniform  action  of  the  force  at  A,  is  to  that  of 
describing  AC  a  by  the  varied  action  of  the  force  directed 
to  C,  and  proportional  to  the  distance  from  it,  as  the  dia- 
meter of  a  circle  to  the  circumference ;  for  when  the  body 
is  upifprmly  impelled  along  EC  by  the  constant  force  IK^ 
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the  square  of  the  Telocity  acquired  at  C  is  represented' 
bj  half  the  rectangle  IKGH,  and  therefore  it  is  equal 
to  the  velocity  which  the  variable  force  generates  by 
impelling  it  along  AC  (by  the  way,  an  important  ob*' 
servation).  The  body  will  describe  AC  uniformly  with 
this  velocity  in  the  same  time  that  it  is  uniformly  accel- 
erated along  KC.  Therefore  by  Cor.  5.  the  proposition 
is  manifest 

Cor.  7.  If  two  bodies  describe  AC  and  KC  by  the  ac- 
tion of  forces  which  are  every  where  proportional  to  the 
distances  from  C, .  their  final  velocities  will  be  propor*; 
tional  to  the  distances  run  over,  and  the  times  will  be 
equal. 

For  the  squares  of  the  final  velocities  are  proportional 
to  the  triangles  ADC»  LEC,  that  is,  to  AC%  KC%  and 
therefore  the  velocities  are  as  AC,  KC.  The  times  of 
describing  AC  and  KC  uniformly,  with  velocities  pro- 
portional to  AC  and  KC,  must  be  equal ;  and  these  times 
are  in  the  same  ratio  {viz.  that  of  radius  to  i  of  the  cir- 
cumference) to  the  times  of  describing  AC  and  KC  with 
the  accelerated  mption,    Therefore,  &c. 

Thus  by  availing  ourselves  of  the  prpperties  of  the 
circle,  we  have  discovered  all  the  properties,  or  character* 
pf  a  motion  produced  by  a  foroe  always  directed  to  a  fixed 
point,  and  proportional  to  the  distance  from  it.  Some  of 
theise  ^re  remarkable,  such  as  the  lat»t  corollary ;  and  they, 
are  all  important ;  for  there  are  i^nunierahle  cases  ^here 
this  law  pf  action  obtains  iii  Nature.  It  is  nearly  the  law 
of  action  of  a  bowstring,  and  of  all  elastic  bodies,  when 
Ibeir  change  of  figure  during  their  mutual  action  is  mode- 
rate ;  and  it  has  been  by  the  help,  of  this  proposition,  first 
demonstrated  in  a  particular  case  by  Lord  Brouncker  and 
Huygbens,  that  we  have  been  able  to  obtain  precise  mea- 
sures *of  time,  and  consequently  of  actual  motions,  and 
consequently  of  any  of  the  mechanical  powers  of  Nature. 
It  is  for  this  reasop,  as  well  as  for  the  easy  and  perspi- 
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euouft  empIojineBk  of  ih^  mathematical  method  of  pro- 
ceeding that  we  have  selected  it. 

Initead  of  giving  ony  morepailiciilar  eoses^  we  may  ob* 
serve  in  general,  that  if  the  intensity  of  the  force  be  pro- 
portional to  any  power  who«e  index*  is  n-«>  1  of  the  dis« 
tance^  and  if  «  be  the  distance  from  the  fixed  point  at 
which  the  body  begini  to  be  accelerated^  and  x  its  di»« 
tance  from  that  point  in  any  part  of  the  motion,  the  vdiv 


city  will  be  ^  v^af'  —  or.  This  is  very  pknn,  Ileoiuse  the 
iBcremeiit  GGHD  of  the  area  of  fig,  l(k  which  is  aba  iht 

*  xiicirement  of  the  square  of  the  velocity,  is  ^  it^^'x^  sind 

the  arito  is  ^  jr ;  and  the  whole  area,  corresponding  to 

the  distance  a,  is  o".    Therrfore  the  portion  of  the  area 

lying  beyond  the  diatance  x  is  tf'-^ar.  This  is  as  the  square 

\  of  the  velocity,  and  therefore  the  velocity  is  as  the  square 

root  y^a*— jc"  of  this  quantity. 

«  9  9 

This  proposition,/*  ==99,  or/^  -r-  %  |s  tho  S9th  of 

the  first  book  of  Newton^'s  frineipiay  and  is  perhaps  the 
most,  important  in  the  whole  doctrine  of  dynamics,  whe« 
fher  i^ployedfor  the  investigation  of  forces  or  for  the  ex-* 
pianalion  of  motions.  It  furnishes  the  most  immediate 
diita  for  both  purposes,  but  more  especially  for  the'ltsi, 
By  its  help  Newton  was  ahle  to  point  out  the  nmnetoutf 
distnrbancea  of  the  planetary  motionsji  and  to  separate  thetn 
from  each  other;  thus  unravelling,  as  it  were,  that  most 
Intricate  motion  in  which  all  are  blended  toother.  H^  baa 
given  a  most  wonderful  specimep  of  ^ta  application  in  hit 
Lunar  Theory. 

We  now  are  able  to  e:qilain  all  the  puzzling  facts  which 

were  adduced  by  Leibnitz  ai^l  his  partisans,  in  suppoft 

/  of  their  measure  of  the  forces  of  bodies  in  motion.    We 

tee  wby  four  springs,  equally  bent,  communicate  but  a 
double  velocity,  and  nine  springs  but  a  triple  reiocity » 
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vh  j  m  bullet  niOTin^^ice  ks  fint  'will  penetrate  an  earthen 
mnpai^  to  a  quadruple  depth,  be.  be. 

This  tbeofeoi  also  giVes  %  most  perspicuous  ezplanatiott 
of  the  famous  doctrine  called  cmstrvaiio  mrium  vitanmu 
When  perfectly  elastic  bodies  act  on  each  other,  it  ia 
fiMind  that  the  sum  of  the  masses  multiplied  by  the 
squares  of  the  velocities  is  always  the  same.  This  has 
been  substituted,  with  great  encomiums,  by  the  German 
irfiilosopbers  in  phwe  of  Des  Cartes^s  principle,  that  the 
quantity  of  motion  in  the  uniterse,  estimated  in  one  di- 
rection, remains  always  the  same.  They  are  obliged* 
huwerer,  to  acknowledge,  that  in  t^e  actions  of  perfectly 
hard  bodies,  there  is  always  a  loss  of  vi$  vivo,  and  there« 
fore  have  denied  the  existence  of  such  bodies.  But  there 
is  the  same  loss  in  the  mutual  actions  of  all  soft  or  ductilf 
or  erea  imperfectly  elastic  bodies ;  and  they  are  misera^ 
biy  puzzled  how  to  explain  the  fact :  but  both  the  coitstr- 
vatia  and  the  ammio.  are  necessary  consequences  of  this 
theorem. 

.  In  the  collision  of  elastic  bodies,  the  whole  change  of 
motion  is  produced  during  the  short  time  that  the  bodies 
are  compressed,  and  while  they  regain  their  figure.  When 
(his  is  completed,  the  bodies  are  at  the  same  distance  from 
each  other  as  when  the  mutual  action  bigan.  Therefore 
the  preceding  body  has  been  accelerated,  and  the  folloWf> 
iag  body  has  been  retarded^  along  equal  spaces ;  and  in 
every  point  of  this  space  the  accelerating  and  the  retard- 
ing force  has  been  equal.  Conseqiiently  the  same  area  of 
fig.  1 7.  expresses  the  change  made  on  the  square  of  the 
vekictty  of  both  bodies.  Therefore,  if  V  and  U  are  the 
▼elodities  befi^e  collision,  and  v  and  «  the  velocitiea 
after  collision,  of  the  two  bodies  A  and  B^  we  must  hav^ 

AxV*~i>«=Bxtt*— V«,  and  therefore  AxV*^-B)c 
Utx=rAx«^'4.Bxi(>.      . 

But  in  the  other  cbss  of  bodies,  which  do  not  con^letely 
regain  their  figure,  but  remain  compressed,  they  are  nearer 
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to  each  other  when  their  mutual  action  is  ended  than  wbea 
it  began.  The  foremost  body  has  been  accelerated  along 
a  shorter  space  than  that  along  which  the  other  has  been 
retarded.  The  mutual  forces  have,  in  every  instant,  been 
equal  and  opposite.  Therefore  the  area  which  expresses 
the  diminution  of  the  square  of  the  velocity,  must  exceed 
the  area  expressing  the  augmentation  by  a  quaiitity  that 
is  always  the  same  when  the  permanent  compression  is 
the  same ;  that  is,  when  the  relative  motion  is  the  same. 

A  X  V«  — »«  must  exceed  Bx««r— US  and  A  x  V«  + 
B  X  U«  must  exceed  A  x  o«  +  B  x  u*. 

This  same  theorem  is  of  the  most  extensive  use  in  all 
practical  questions  in  the  mechanical  arts ;  and  without  it 
mechanics  can  go  no  farther  than  the  mere  statement  of 
equilibrium, 

Hermann,  professor  of  mathematics  at  Pavia,  one  of  the 
ornamentsi  of  the  mathematical  class  of  philosophers,  has 
given  a  pretty  demonstration  of  this  valuable  proposition 
in  the  Acta  Eruditorum  Ltpsia:  for  1709;  and  says,  that 
having  searched  (he  writings  of  the  mathematicians  with 
great  care,  he  found  himself  warranted  to  say,  that  New« 
ton  was  the  undoubted  author,  and  boasts  of  his  own  as 
the  first  synthetical  demonstration.  The  purpose  of  this 
assertion  was  not  very  apparent  at  the  time ;  but  long  af- 
ter, in  1746,  when  Hermann^s  papers,  preserved  in  the 
town-house  of  Pavia,  were  examined,  in  order  to  deter- 
mine a  dispute  between  Maupertuis  and  Koenig  about  the 
claim  to  the  discovery  of  the  prtneipk  of  least  action^  letters 
of  Leibnitz's  were  found,  requesting  Hermann  to  search 
for  any  traces  of  this  proposition  in  the  writings  of  the 
mathematicians  of  Europe.  Leibnitz  was  by  this  time  the 
envious  detractor  from  Newton's  reputation;  and  could 
not  but  perceive,  that  all  his  contorted  arguments  for  his 
doctrine  received  a  clear  explanation  by  means  of  this  pro* 
position,  in  perfect  conformity  to  the  usual  measure  of 
moving  forces.    Newton  had  discovered  this  theorem  long 
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befoi^  the  pi]blication4>f  the  Pnnapia,  and  even  before  the 
discovery  of  the  chief  proposition  of  that  book  in  1666 : 
for  in  his  Optical  Lectures,  the  materials  of  which  were 
in  bis  possession  in  1664,  he  makes  frequent  use  of  a 
proposition  founded  on  this  (see  No.  48.)  We  maj 
here  remark,  that  Hermann^s  demonstration  is,  in  every 
step,  the  same  with  Dr  Barrow^s  demonstration  of  it  as 
a  theorem  merely  geometrical,  without  speaking  of  mov- 
ing forces  (see  Led.  Geomeir,  xi.  p.  85.  edit.  16.),  but 
giving  it  as  an  instance  of  the  transformation  of  curves^ 
which  he  calls  scales  of  velocity,  of  time,  of  acceleration, 
&c. 

•  The  two  fundamental  theorems  ft  =  t?,  and  f8z=vvy 
enable  us  to  solve  every  question  of  motion  accelerated  or 
retarded  by  the  action  of  the  mechanical  powers  of  na- 
ture. But  the  employment  of  tb^m  may  be  greatly  e^^- 
pedited  and  simplified  by  noticing  two  or  three  general 
cases  which  occur  very  frequently. 

104.  These  may  be  called  similar  instants  of  iime^  and  ^t- 
tnilar  pidnts  of  space  which  divide  given  portions^  of  time^  and 
of  space  in  the  same  ratio.  Thus  the  middle  is  a  similar 
instant  of  an  hour  or  of 'a  day,  and  is  the  similarly  situ- 
ated pQint  of  a  foot  or  of  a  yard.  The  beginning  of  the 
31st  minute,  and  of  the  9th  hour,  are  similar  instants  of 
an  hour  and  of  a  day.  The  beginning  of  the  5th  inch, 
and  of  the  8d  foot,  are  similar  points  of  a  foot  and  of  a 
yard. 

105.  Forces  may  be  said  to  act  similarly  when  their  inten* 
sliies  in  similar  instaitts  oftime^  or  in  smilar  points  ofspace^ 
sre  in  a  constant  ratio.  Thus  in  fig.  17.  when  one  body  is 
impelled  towards  C  from  A,  and  another  from  K,  each 
with  a  force  proportional  to  the  distance  of  every  point 
of  its  motion  from  C,  these  forces  may  be  said  to  act  si- 
milarly along  the  spaces  AC  and  EC,  or  during  the  times 
represented  by  the  quadrantal  arches  APH,  KNO.  The 
following  propositions  on  similar  actions  will  be  found 
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r«ry  usefol  on  many  oecaftions ;  but  we  must  premise  * 
geometrical  lemma, 

106.  If  there  be  two  lines  EFGH  (fig.  18  ),  tfgh^  so 
related  to  their  abscisses  AD,  a  dy  that  the  ordinates  IE, 
t  Jt,  drawn  from  similar  points  I  and  i  of  the  abscisses, 
are  in  the  constant  ratio  of  A£  to  ae;  then  the  area 
ADHE  is  to  the  area  ad  Ae  as  the  rectangle  of  AD  x  A£ 
to  the  rectangle  adxae. 

For  let  each  abscissa  be  divided  into  the  same  number 
of  equal  and  very  small  parts,  of  which  let  CD  and  c  d 
be  one  in  each.  Inscribe  the  rectangles  GGID,  x^td. 
Then  because  the  number  of  parts  fn  each  axis  is  the 
same,  the  lengths  of  the  portions  CD  and  c  d  will  be  pro- 
portional to  the  whole  abscisses  AD  and  ad.  And  be- 
cause C  and  c  are  similar  points,  CG  is  to  eg*  as  AE  is  to 
a e.  Therefore  CD  x  CG : c  4  x eg- :=i AD  AE  ladxae. 
This  is  true  of  each  pair  of  corresponding  rectangles ;  and 
therefore  it  is  true  of  their  sums.  But  when  the  number 
of  these  rectangles  is  increased,  and  their  breadth  dimi- 
nished without  end,  it  is  evident  that  the  ultimate  ratio 
of  the  sum  of  all  the  rectangles,  sdch  as  CDHG  to  the  sum 
of  all  the  rectangles  c  d  h  g  is  the  same  with  that  of 
the  area  ADHE  to  the  area  adke^  and  the  proposition 
is  manifest. 

107.  If  tw9 particles  ofmaitcr  are  iimilarly  impelkd  dwring 
gicen  timeMy  the  changes  of  velodUf  are  as  4he  times  and  as  the 
forces  Jointly. 

Let  the  times  be  represented  bj  the  straight  lines  ABC 
(fig.  19.)  and  abc^  and  the  forces  by  the  iNrdinates  AD, 
BE,  CF,  and  adyhcy  cf  Then  if  B  and  b  are  similar 
instants  (suppose  the  middles)  of  the  whole  times,  we  hare 
BE :  &  e  =z  AD :  a  d.  Therefore,  by  the  lemma,  the  area 
ACFD  is  to  a  cfd  as  AC  x  AD  toac  x  ad.  But  these  areas 
are  proportional  to  the  velocities  (No.  72.),  and  the  propo- 
sition is  demonstrated.    For  the  same  rcMon^  the  change 


of  rdocit J  dinrbig  the  time  AB  is  to  the  change  during; 
ab  as  AB  x  AD  to  ab  x  ad. 

Cor.  1.  If  the  times  and  forces  are  reciprocallj  propor- 
tional, the  changes  of  velocity  are  equal;  and  if. the 
Ibrces  are  inversely  as  the  times,  the  changes  of  velocity 
are  equal. 

1 08.  (f  ttDo  partick$  be  $imilarly  urged  along  given  spaces^ 
the  changes  made  on  the  squares  of  the  velocities  are  as  the 
Jorces  and  spaces  jointly. 

For  if  AC  (fig.  19.)  and  a  c  are  the  spaces  along  which 
the  particles  are  impelled,  and  the  forces  are  as  the  oi'- 
dinates  AD.  and  acf,  the  areas  ACFD  and  acfd  are  as  the 
changes  on  the  squares  of  the  velocities.  But  these  areaa 
are  as  AC  x  AD,  and  ac  x  ad.    Therefore,  &c. 

Cor.  S.  If  the  spaces  are  inversely  as  the  forces,  the 
changes  of  the  squares  of  the  velocities  are  equal ;  and  if 
these  are  equal,  the  spaces  are  inversely  ^  the  forces. 

Cor.  3.  If  the  spaces,  along  which  the  particles  have 
been  impelled  from  a  previous  state  of  rest,  are  directly 
as  the  forces,  the  velocities  are  also  as  the  forces.  For, 
because  the  changes  of  the  squares  of  the  velocities  are  as 
the  spaces  and  forces  jointly,  they  are  in  this  case  as  the 
squares,  of  the  forces  or  of  the  spaces ;  but  the  changes 
of  the  squares  of  the  velocities  are  in  this  case  the  whole 
squares  of  the  velocities ;  therefore  the  squares  of  the  ve« 
locities  are  as  the  squares  of  the  forces,  and  the  velodties 
are  as  the  forces.  N.  B.  This  includes  the  motions  it- 
presented  in  fig.  17. 

109.  If  two  particles  be  similarly  impelled  along  given 
spaces^  from  a  state  of  rest,  the  squares  of  the  times  are  pro* 
portional  to  the  spaces  directly^  and  to  the  forces  inversely. 

Let  ABC  (fig.  19.)  a  &  c  be  the  spaces  described,  and 
AD,  ad,  the  accelerating  forces  at  A  and  a.  Let  Y,  B 
express  the  velocity  at  B,  and  v,  b  the  velocity  at  b. 

Let  6HK  and  ghkhe  curves  whose  ordinales  are  in* 
versely  as  the  velocities  at  the  corresponding  points  of  the 
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al^8cl3$s.  These  ciurea  are  therefoce  expoaents  of  tbe 
times  (No.  99.)  Then,-  because  the  forces  act  similarlj, 
we  have,  by  the  last  theorem,  AC  x  AD :ac  x  adz;:: 
\\  P:  t>S  b,  =hii^  :  HB«.  Therefore  HB  :  A  ft  = 
VacxMi:  Vac X AD,  and  therefore  in  a  constant  ratio.. 


Call  this  the  ratio  of  m  to  n.  But,  since  the  ordinates  of 
the  lines  GHE,'  ghk  are  inversely  as  the  velocities,  the 
areas  are  as  the  times  (No.  99.) ;  and  since  these  ordinates 
.  are  in  the  constant  ratio  of  m  to  te,  the  areas  are  in  the 
ratio  of  AC  xmio  acKn.  Therefore  (c&lling  the  times 
of  the  motions  T  and  t)  we  have 

T:  t,:=zm  AC  :  nac;  and  therefore 
T* :  e^  =  m*  X  AC :  n«  x  ac\     But 
w« :  n^  :=  ac  X  ad:  AC  x  AD.     Therefore 
T^  :  t'zizacxadx  AC« :  AC  x  AD  x  aa». 
Or  T»  :<*  =  cd  xAC  ;  AD  X  ac. 

^    ^.  AC      ae 

Or  T*:  i«=-T-rr  : -J- 

AD     ad 

Tlie  attentive  reader  will  observe,  that  these  three  pro- 
positions givje  a  great  extension  to  the  theorems  which 
were  formerly  deduced  from  the  nature  of  uniformly  ac- 
celerated motion,  or  of  uniform  action  of  the  forces,  and 
were  afterwards  demonstrated  to  obtain  in  the  momentary 
action  of  forces  any  how  variable. 

The  first  of  the  three  propositions,  V  :  t?  =  F  x  T  :fx  ty 

is  the  extension  of  the  theorem  y^x  tz=iv.      The   second, 
Y^ :  v^  =  F  X  S  :  y*  X  ^,  is  the  extension  of  the  theorem 

N  S  « 

/  X  *  =  » t?.    And  the  third,  T*  :  r  =  ^^  :  - ,   is   the  ex- 

tension  of/.=  Y4\r'  orof/x  (f)'zzzs.  These  theorems 

(* )' 
bold  true  of  all  similar  actions  ;  and  only  for  this  reason, 

are  true  of  uniformly  accelerated  motions,  or  uniform  ac- 
tions. 
Tiiere  remains  one  thing  more  to  be  said  concerning  the 

action  of  accelerating  forces.     Their  magnitude  i^  ascer« 
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tatned  bj  tbeir  effect.  Therefore  that  is  to  be  c0nsidered 
as  a  double  force  which  produces  a  double  quantity  of  mo-* 
tion.  Consequently  when  a  body  A  contains  twice  the 
number  of  equal  atoms  of  itiatter,  and  acquires  the  dame  ve-* 
locity  from  the  action  of  the  force  F  that  another  body 
a,  containing  half  the  number  of  atoms,  acquires  from 
the  action  of  a  force  ^  we  concetve  F  to  be  double  of  ^ 
That  this  is  a  legitimate  inference  appears  clearly  from 
this,  that  we  conceive  the  sensible  weight  of  a  body,  or 
that  pressure  which  it  exerts  on  its  supports,  as  the  aggre* 
gate  of  the  equal  pressure,  of  every  atom,  accumulated 
perhaps  on  one  point ;  as  when  the  body  hangs  by  a  thread, 
and,  by  its  int^vention,  pulls  at  some  machine.  With-* 
out  inquiring  in  what  manner,  or  by  what  intervention, 
this  accumulation  of  pressure  is  brought  about,  we  see 
clearly  that  it  results  from  the  equal  accelerating  force  of 
gravity  acting  immediately  on  each  atom.  When  this 
weight  is  thus  employed  to  move  another  body  by  the  in- 
.tervention  of  the  thread,  which  is  attached  to  one  point 
perhaps  of  that  body,  it  puts  the  whole  into  motion,  ge- 
nerating a  certain  velocity  v  in  every  atom,  by  acting 
tmiformly  during  the  time  (.  We  conceive  each  atom 
to  have  sustained  the  action  of  an  equal  accelerating  force, 

whose  measure  is  — '.    Without  considering  how  this  force 

is  exerted  on  each  atom,  or  by  what  it  is  immediately 
exerted,  or  how  it  is  diffused  through  the  body  from  the 
•point  to  which  the  weight  of  the  other  body  is  applied  by 
means  of  the  thread ;  we  still  consider  it  as  the  aggregate 
of  the  action  of  gravity  on  each  atom  of  that  other  body. 
Moreover,  attending  only  to  the  motion  produced  by  it, 
and  perhaps  not  knowing  the  weight  of  the  impelling 
body,  we  measure  it,  as  a  moving  force,  by  considering 
it  as  the  aggregate  of  the  forces  propagated  to  each  atcHn 

of  the  impelled  body,  and  measured  by  -- .    If  we  know 
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that  the  impelled  boclj  contains  the  nuoiber  m  of  aiems^' 
theaggregateofforces  is  «!•--,  or  . 

But  since  we  measure  forces  hy  the  quantity  of  motion 
which  thej  produce,  we  must  conceiye,  that  when  the 
same  force  is  applied  to  a  body  which  consists  of  n  par- 
ticles, and  produces  the  rdocity  te,  by  acting  uniformly 

during  the  samjs  time  t,  the  force  n  — is  equal  to  the 

force  m  — • 
t 

110.  Newton  found  it  absolutely  necessary  to  keep  tbi^ 
circumstance  of  acceleration  clear  of  all  notions  of  quanr 
tity  of  matter,  or  other  considerations,  and  to  contemplate 
the  affections  of  motion  only.    He  therefore  considered 

—  as  the  true  original  measure  of  accelerating  force,  and 

911  —  as  an  aggregate.    He  therrfore  calls  the  aggregate 

a  via  motrixj  a  moving  forct^  measured  by  the  quantity  of 
fnotion  that  it  generates.    And  he  confines  the  term  acce» 

Itrating  force  to  the  quantity  — ,  measured  by  the  aceekr 
ration  or  velocity  only.  It  would  be  convenient,  therefore, 
also  to  confine  the  symbol/  to  m  — ,  and  to  retain  the  sym- 

C 

l>ol  a  for  expressing  the  accelerating  force  — . 

This  appellation  of  motive  force  Is  perfectly  just  and 
simple ;  for  we  may  conceive  it  as  the  same  with  the 
accelerating  force  which  produces  the  velocity  m  times  v  in 
one  particle,  by  acting  on  it  uniformly  during  the  time  f. 
This  motion  of  one  particle  having  the  velocity  tn  v,  is  the 
same  with  that  of  m  particles  having  each  the  velocity  v. 

If  therefore  a  motive  force /act  on  a  body  consisting  of 

m  particles^  the  accelerating  force  a  is  =  >^^ — • 


i 
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Therefore  the  three  last  propositioiui  coaceming  the 
nmilar,  the  uniform,  or  the  momentary  actiona  of  mncing 
forces^  when  ezpreased  in  the  most  general  ienns,  are, 

^^  m  m 

Of  DBVLBCTtNO  rORCBS. 

111.  Whbk  we  obaerre  the  direction  of  ahody  todiange, 
we  nnavotdablj  infer  the^agencj  of  a  force  which  acts  im 
a  direction  that  does  not  coincide  with  that  of  the  body^'s 
motion ;  and  we  may  distinguish  this  circumstance  by 
calling  it  a  naPLKcriNO  porcb.  We  have  already  shewn 
bow  to  estimate  and  measure  this  deflecting  force,  by  con- 
sadering  it  as  competent  to  the  production  of  that  motion 
which  when  compounded  with  the  former  motion,  will 
produce  the  new  motion.  No*  44.  Now,  as  all  changes  of 
motion  are  really  compositions  of  motions  or  forces,  it  is 
eTident  that  we  shall  ezplab  the  action  of  deflecting  forces 
when  we  shew  this  composition. 

•  We  may  almost  venture  to  say  a  priori^  that  all  deflec- 
tions must  be  continual,  or  exhibit  cunrUineal  motions ; 
for  as  no  finite  Telocity,  or  change  of  velocity,  can  be  pro* 
duced  in  an  instant  by  the  action  of  an  accelerating  force^ 
no  polygonal  or  angular  deflection  can  be  produced ;  be- 
eause  this  is  the  composition  of  a  finite  velocity  produced 
in  an  instant  Deflective  motions  are  all  produced  by  the 
composition  of  the  former  motion,  having  a  finite  velocity, 
with  a  transverse  motion  continually  accelerated  from  a 
state  of  i*est.  Of  this  we  can  form  a  very  distinct  notionl, 
by  taking  the  simplest  case  of  such  accelerated  motion^ 
namely,  an  uniformly  accelerated  motion. 

VOL.  I.  I 
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112.  Let  a  body  be  moviag  in  ,the  dirfeiciion  AC  (&g.  SO.) 
with  an  J  cooslant  velocily,  and  when  it  comes  to  A,  let 
it  be  expos^  to  the  action- of  an  accelerating  force,  acting 
uniformly  in  any  other  direction  AE.  This  alone  would 
cause  the  body  to  describe  AE  with  a  uniformly  accele- 
rated motion,  so  that  the  spaces  AD,  AE  would  be  as  the  • 
squares  of  the  times  in  which  they 'are  described.  There- 
fore, if  AB  be  the  space  which  it  would  have  described 
uniformly  in  the  time  that  it  describes  AD  by  the  action 
of  the  accelerating  force,  and  AC  the  space  which  it  would 
have  described  uniformly  while  it  describes  AE  by  the 
action  of  the  accelerating  force— nothing  more  is  wanted 
for  ascertaining  the  real  motion  of  the  body  but  tq  cam- 
pound  the  uniform  motion  in  the- direction  AC  witb  the 
uniformly  accelerated  motion  in  the  direction  ^AE.  AD 
is  to  AE  as  the  .square  of  the  time  Qf  describing  AD  to  the 
square  of  the^  time  of  describing  AE ;  that  is,  as  the  square 
pf  the  tipa.e  fif  describing  AB  to  the  square  of  the  time  cf 
describingj  ^AC  ;.  that  is,  as.  AJQ^  to  AC^  (by  reason  of  the 
uniform  motion  in.  AC)^  T^i^  compositiop  is  performed 
by  taking  the  simul^neous  .points  B,  D,  and  the  si^nulta- 
j^^us  points.. C,  £,  and;COi^letiiig  the  pi|rallelograais 
ABip,  ACGE.  The  body  will  lie  found;^  ii&  the  points 
F  and  6  in  the  instants  in  which  it  would  hi^ve^  been  found 
at  B' and  C  hff  the  uniform  motion,  or  in  D  and  E  by  the 
accelerated  motion.  In  the  same  manner  may  be  found  as 
many  points  of  the  real  path  as  we  please.  It  is  plain  that 
these  points  will  be  in  a  line  AFG»  so  related  to.AE  that^ 
AD :  AE  =  DF* :  £6^ ;  or  so  related  to  the  original  mo- 
tion AC,  that  AB^:  AC*  =  BF  :  CG,  &c.  This  line  is 
therefpre  a  parabola  of  which  AE  i^  a  diameter,  DF  and 
EG  are  ordinates,  and  which  touches  AC  ia  A. 

Having  thus  ascertained  the  path  of  the  body,  we  can 
also  ascertain  the  motion  in  that  path ;  that  is,  the  velo- 
city in  any  point  of  it.  We  know  that  the  velocity  in 
the  point  G  is  to  the  velocity  of  the  uniform  motion  in 
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the  direction  AC  as  the  tangent  T6  is  to  the  ordinate 
£6 ;  because  this  is  ^he  ultimate  ratio  of  the  ntfimentary 
increment  of  the  arch  AFG  to  the  momentary  increment 
of  the  ordinate  EG.  Thus  is  the  velocity  in  every  point 
of  the  curve  determined.  We  have  taken  it  for  granted, 
that  the  line  of  projeetion  touches  the  path,  and  that  the 
direction  in  every  point  is  that  of  the  tangent.  To  sup- 
pose that  the  curve,  in  any  portion  of  it,  coincides  with 
the  tangent^  is  to  suppose  that  the  body  is  not  deflected ; 
that  is^  is  not  acted  on  by  a  transverse  accelerating  force : 
And  to  suppose  that  the  tangent  makes  a  finite  angle  with 
4Uiy  part  of  the  path,  is  to  suppose  that  the  deflection  is 
not  continual,  but  by  starts — both  of  which  are  contrary 
to  tlie  conditions  of  the  case.  No  straight  line  can  be 
drawn  between  the  direction  of  the  body  and  the  sue- 
cn^dtng  portion  of  (he  path^  otherwise  we  must  again 
suppose,  that  the  deflection  is  subsultory,  and  the  motion 
angular. 

1 13b  But  while  the  investigation  is  so  easy  when  the 
direction  and  intensity  of  the  deflecting  force  in  every 
point  of  the  curve  are  known,  the  investigation  of  the  de- 
fleeting  force  from  the  observed  motion  is  by  no  means 
easy.  The  observed  cuirvilineal  motion  always  arises 
from  a  composition  of  a  uniform  motion  in  the  tangent 
.with  some  transverse  motion.  But  the  same  curviiineal 
motion  may  be  produced  by  compounding  the  uniibrni 
motion  in  the  tangent  with  an  infinity  of  transverse  mo- 
lions;  and  the  law  of  action  will  be  difierent  in  these 
transverse  motions  according  as  their  directions  differ. 
We  must  learn,  not  only  the  intensity  of  the  deflecting 
force,  and  the  law  of  its  variation,  but  also  its  direction 
in  every  point  of  the  curve.  It  is  not  easy  to  find  gene- 
ral rules  for  discovering  the  direction  of  the  transverse 
force ;  most  commonly  this  is  indicated  by  extrinsic  cir- 
€um8tanj*es.  The  deflecting  force  is  frequently  observed 
^io  reside  in,  or  to  accompany  some  other,  body.    It  may 
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be  presumed,  tlierefore,  that  it  acts  in  the  direction  of  the 
line  drawn  to  or  from  that  body ;  yet  eren  this  is  uncer- 
tain. The  most  general  rule  for  this  inyestigation  is  to 
observe  the  place  of  the  body- at  several  intervals  of  time 
before  and  after  its  passing  through  the  point  of  the 
curve,  where  we  are  interested  to  find  its  precise  direc- 
tion. We- then  draw  lines,  joining  those  places  with  the 
places  of  the  tangent  where  the  body  would  have  been  by 
the  uniform  motion  only.  We  shall  perhaps  observe 
these  lines  of  junction  keep  in  parallel  positions :  we  may 
be  assured,  that  the  direction  of  the  transverse  force  is 
the  same  with  that  of  any  of  these  lines.  This  is  the 
case  in  the  example  just  now  given  of  a  parabolic  motion. 
But  when  these  lines  change  position,  they  will  change  it 
gradually ;  and  their  position  in  the  point  of  contact  it 
that  to  which  their  positions  on  both  sides  of  it  gradually 
Approximate. 

But  all  this  is  destitute  of  the  precision  requisite  ia 
philosophical  discussion.  We  are  indebted  to  Newton 
for  a  theorem  which  ascertains  the  direction  <tf  the  trans- 
'verse  force  with  all  exactness,  in  the  cases  in  which  we 
*most  of  all  wish  to  attain  mathematical  accuracy,  and 
which  not  only  opened  the  access  to  those  discoveries 
which  have  immortalised  >  his  name,  but  also  pointed  out 
to  him  the  path  he  was  to  follow,  and  even  marked  his 
first  steps.  It  therefore  merits  a  very  particular  treat- 
ment 

114.  If  a  body  describes  a  curve  line  ABCDEF  (fig. 
21.y  lying  in  one  plane,  and  if  there  be  a  point  S  so 
situated  in  this  plane  that  the  line  joining  it  with  the 
hatf  describes  areas  ASB,  ASC,  ASD,  &c.  proportional 
to  the  times  in  which  the  body  describes  the  arches  AB, 
AC,  AD,  &c.  the  force  which  deflects  the  body  from 
rectilineal  motion  is  continually  directed  to  the  fixed 
point  S. 

Let  us  first  suppose  that  the  body  describes  the  poly- 
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gon  ABCDEF,  fcc.  formed  of  the  chords  AB,  BC,  CD, 
D£,  £F,  &c.  of  this  curve :  and  (for  greater  simplicity 
of  argument)  let  us  consider  areas  described  in  equal  suc- 
cessive times;  that  is,  let  us  suppose  that  the  triangles 
ASB,  BSC,  CSD,  &c.  are  equal,  and  described  in  equal 
times.    Make  Be:::  AB,  and  draw  c  S. 

Had  the  motion  AB  suffered  no  change  in  the  point  B, 
the  body  would  have  described  B  c  in  the  equal  moment 
succeeding  the  first :  but  it  describes  BC.  The  body  has 
therefore  been  deflected  by  an  external  force ;  and  BC  is 
the  diagonal  of  a  parallelogram  (No.  45»  46.),  of  which 
B  c  is  one  side,  and  c  C  is  another.  The  deflecting  force 
will  be  discovered,  both  in  respect  of  direction  and  inten- 
sity, by  complejting  the  parallelogram  B  c  C  6.  B  &  b  th« 
space  which  the  deflecting  force  would  have  caused  the 
body  to  describe  in  the  time  that  it  describes  B  c  or  BC^ 
Because  B  c  is  equal  to  BA,  the  triangles  BS  c,  BSA  are 
equal  But  (by  the  nature  of  the  motion)  BSA  is  equal 
to  BSC.  Therefore  the  triangles  BSC  and  BS  c  are 
equal  They  are  also  on  the  same  base  BS;  therefore 
they  lie  between  the  same  parallels,  and  C  c  is  parallel  to 
SB.  But  c  C  is  parallel  to  B  b.  Therefore  B  b  coincide^ 
with  BS,  and  the  deflecting  force  at  B  is  directed  toward 
S.  By  the  same  argument,  the  deflecting  force  at  the 
angles  D,  £,  F,  &c.  is  directed  to  S. 

Now,  let  the  sides  of  the  polygon  be  diminished,  and 
their  number  increased  without  end.  .  The  demonstra^ 
lion  remains  the  same ;  and  continues,  when  the  polygon 
finally  coalesces  with  the  curve,  and  the  deflection  i$*coa- 
linual. 

When  areas  are  described  proportional  to  the  times, 
equal  areas  are  described  in  equal  times ;  and  therefore 
the  deflection  is  always  directed  to  S.    Q.  £.  D. 

The  point  S  may,  with  great  propriety  of  language, 
be  called  the  cemtrb  of  deflection,  or  tbip  centre  or 
roRCEs ;  and  forces  whioh  are  thus  continually  directed 
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to  one  fixed  point,  may  be  distinguished  from  other  de- 
flecting forces  hj  the  name  central  porcbs. 

The  line  joining  the  centre  of  forces  with  the  bod^,  and 
which  ma^  be  conceived  as  a  stiff  Kne,  carrjing  the  body 
round,  is  usuallj  named  the  radius  ybctor. 

115.  The  converse  of  this  proposition,  rur.  that  if  the 
deflecting  forces  be  always  directed  to  S,  the  motios  is 
performed  in  one  phine,  in  which  S  is  situated,  and  areas 
are  described  proportional  to  the  trmes-^-b  easily  dmon- 
strated  by  reversing  the  steps  of  this  demonstration. 
The  motion  will  be  in  the  plane  of  the  lines  SB  and  B  c ; 
because  the  diagonal  BC  of  the  parallelogram  of  forces 
is  in  the  plane  of  the  sides.  Areas  are  described  propor- 
tional to  the  times ;  for  G  c  being  parallel  ta  SB,  the  tri- 
angles SCB  and  S  c  B  are  equal ;  and  therefore  SCB  and 
SAB  are  equal,  &c.  &c. 

116.  Cor.  1.  When  a  body  describes  areas  round  S 
proportional  to  the  times,  or  when  it  is  continually  de^ 
fleeted  toward  S,  or  acted  on  by  a  transverse  force  di«> 
rected  to  S,  the  velocities  in  the  different  points  A  and 
£  of  the  curve  are  inversely  proportional  to  the  perpen- 
diculars S  r  and  S  t,  drawn  from  the  centre  of  forces  to 
the  tangents  in  those  points ;  that  is,  to  the  perpendicu- 
lars from  the  centre  on  the  momentary  directions  of  the 
motion:  For  since  the  triangles  ASB,  ESF  are  equal*^ 
tlicii-  bases  AB,  £F  are  inversely  as  theur  altitudes  S  r, 
S  t  But  these  bases,  being  described  in  equal  times,  are 
as  the  velocities  ;  and  they  ultimi^tely  coincide  with  the 
tangents  at  A  and  E. 

117.  Cor.  2.  IfB«  andFi  be  drawn  perpendicular  to 
SA  and  SB,  we  have  SA  x  B  «  =  SE  x  F  S  and  SA :  SB 
=  F  g :  B  «  :  For  SA  x  B  «  is  double  of  the  triangle 
BSA,  and  SB  x  F  i  is  double  of  the  equal  triaiigle  SFE. 

118.  Cor.  3.  The  angular  velocity  round  S,  that  is,  the. 
magnitude  of  the  angle  described  in  equal  times  by  the 
radius  vfctor^  is  inversely  proportional  to  the  square  of 
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ike  distanee  firom  &  For  when  the  arcbes  AB;  EF  are 
diminished  centiniiallj,  the  perpendiculars  B  «  and  F  • 
will  ultimately  coincide  with  arches  described  round  S 
with  the  radii  SB  and  SF.  Now  the  magnitude  of  an 
angle  is  proportional  to  the  length  of  the  arch  which 
measures  it  directlj,  and  to  the  radius  of  the  arch  in- 
versely. In  any  circle,  an  arch  of  two  inches  long  mea- 
sures twice  as  many  degrees  as  an  arch  one  inch,  long ; 
and  an  arch  an  inch  long  contains  twice  as  many  degrees 
of  a  circle  whose  radius  is  twice  as  short.  Therefore, 
ultimately,  the  angle  ASB  is  to  the  angle  ESF  as  B  «  to 
F  t,  and  as  SF  to  SB  jointly ;  that  is,  as  B  •  x  SF  to 
F  •  X  SB.  But  B  •  :  F  •  =  SE :  SA  (Cwr.  2.).  Therefore 
ASB  :  ESF  =  SE  x  SF  ;  SB  x  SA,  =  ultimately 
SE«  :  SB«. 

This  corolUry  gives  us  an  ostensible  mark,  in  many 
very  important  cases,  of  the  action  of  a  deflecting  force 
being  always  directed  to  a  fixed  point  We  are  often 
-able*  to  measure  the  angular  motion  when  we  cannot  mea- 
sure the  real  velocities. 

Having  thus  discovered  the  chief  circumstances  whidi 
enable  us  ta^ascertaia  the  direction  of  the  deflecting  force> 
we  proceed  to  investigate  the  quantity  of  this  deflective 
determinatiiMi  in  the  different  points  of  a  curvilineal  mo- 
tion. This  is  a  more  difficult  task.  The  momentary 
effect  of  the  deflecting  force  is  a  small  deviation  from  the 
tangent ;  and  this  deviation  is  made  with  an  accelerated 
motion.  The  law  of  this  acceleration  regulates  the  cur- 
vature of  the  path,  and  is  to  be  determined  by  it.  We 
may  be  allowed  to  observe  by  the  way,  that  it  ap{:rears 
clearly  from  the  form  in  which  Newton  lies  presented  all 
his  dynamical  theorems,  that  we  are  indebted  to  these 
•  jNToblems  for  the  immense  improvement  which  he  has 
made  in  geometry  by  his  invention  of  fluxions.  The 
■  purposes  he  had  in  view  suggested  to  his  penetrating 
^  mind  the  means  for  attaining  them ;  and  the  coniiectioa 
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hetwwi  djmmici  and  geometrj  ii  so  iatamate^  tb*t  tte 
aftme  theorema  «re  in  a  manner  comjsioB  to  both.  TUs 
u  partienlari J '  the  caee  in  all  thai  jvlates  to  curvatiire» 
We  have  seen  how  the  cunrature  of  a  parabobi  is  prodii« 

I  u/  a  force  acting  nniformlj.  The  mmmnOmry  action 
of  all  finite  forces  maj  ht  considered  as  uniform ;  and 
therefore  the  curratnre  will  be  that  of  some  portion  of 
some  parabda ;  but  it  will  ^e  difficult  to  determine  the 
precise  degree  without  some  farther  help.  We  are  best 
acquainted  with  the  properties  of  the  circle^  and  will 
hare  the  dearest  notions  of  the  cttrvatiMtv  of  other  cnnres 
bj  comparing  them  with  circles. 

The  cunrature  of  a  circular  arch  of  given  length  is  so 
mndi  greater  as  its  radius  is  shorter;  for  it  will  contaiB 
so  many.more  degrees  in  the  same  length;  and  therefore 
the  change  of  direction  of  its  extremities  is  so  much 
greater.  Curvatures  ma^  always  be  n^easimped  by  the 
length  of  the  arch  direcUj  and  the  radius  inrerseljr. 

11^.  Sui^iqse  a  tbrea4  made  fast  at  one  end  of  a  niat6» 
rial  ciirve  ABCD  (fig.  82.)  and  affiled  to  it  in  its  whole 
length.  Taking  bold  of  iU  extremity  D,  unfoU  it  gra- 
dually  froni  the  curve  IKIBA ;  the  extremity  D  will  de* 
sqribe  another  curve  Deb  a.  This  geometrical  operation 
is  called  the  avo^uTiON  of  curves*  and  D  e  i  a  is  called 
the  BvotUTB  of  DCBAy  which  is  called  the  involvtb  of 
Ji^btL  Perhaps  Ums  denomination  bi^  been  given  from 
the  genesis  of  the  v^etL  or  surface  contain^  by  th^  two 
linesi  whi^  is  folded  up.  and  unfolded  somewhat  like  a 
fan.  When  tbe  describing  point  is  in  &»  the  thread  &  B 
is^  undoubtedly,  th^  momentary  radius  of  a  ^cle  tbf^ 
wb^^  ^ent^  is  B»  the  point  of  the  inyolute  which  it  is 
just  going  to  quit.  The  momentary  motion  of  6  is  the 
sameji  if  he^he^  it  is  d^Wfibing  an  arch  of  the  evolute  pass- 
ing through  i^  or  an  arch  of  a  circle  round  the  centre  B. 
The  same  line  b  ^  perpendicular  to  the  thread  b  B,  touches 
the  circle  e  bf  and  thf  cuirve  D  ft  a  in  the' point  b*    This 
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cirde  t  if  mmt  lie  wilhiii  the  eitfre  D  b  a  on  the  side  of 
&  B  teward  a ;  because  on  this  side  the  momentary  radius 
if  conlinudlj  ioereaung. '  For  similar  reasons,  the  circle 
t  b  f  lies  without  the  curre  on  the  other  side  of  b  B. 
Therefore  the  circle  t  bf  both  touches>nd  cuts  the  curve 
D  i  a  in  the  point  i.    Moreover,  because  everj  portion 
of  the  curve  between  b  and  D  is  descfibed  with  radii  that 
are  shorter  than  i  B,  it  must  be  more  incurvated  than,  any 
portion  of  the  circle  e  b  f.    For  similar  reasons,  every 
portion  of  the  curve  between  b  and  0  must  be  leas  incur- 
vated  than  this  circle ;  therefore  the  ^irde  has  that  pret 
cise  degree  of  curvature  that  belongs  to  the  curve  in  the 
point  6;  it  is  therefore  called  the  B^uicunva  cirglb,  or 
the  ci&cLK  OF  cunvATURB,  and  B  U  called  the  centre,  and 
B  b  the  RAmos  of  curvature.    It  is  easy  to  perceive 
that  no  drde  can  be  described  which  shall  touch  the  curve 
in  bf  and  come  between  it  and  the  circle  ebf;  for  its 
centre  must  be  in  some  point  i  of  the  radius  (  B.    If  a  6 
be  less  than  B  bf  it  must  fall  within  the  curve  on  both 
sides  of  bf  and  if  1  6  is  greater  then  B  b,  the  circle  must 
fall  without  the  curve  on  both  sides  of  B  i.    The  circle 
t  bf  lies  closer  to  the  curve,  has  closer  contact  with  it, 
than  any  other,  and  has  therefore  got  the  whimsical  name 
of  OSCU1.ATIN0  ciRCfjB ;  and  this  sort  of  contaict  was  call- 
ed oscuLation* 

This  view  of  the  genesis  of  curve  lines  is  of  particular 

use  in  dynamical  discussions.    It  exhibits  to  the  eye  the 

perfect  sameness  of  the  momentary  motion,  and  therefore 

of  tho  momentary  deflection,  in  the  curve  and  in  the  equi- 

curve  cirde,  and  leaves  the  mind  without  a  doubt  but 

.that  the  forces,  which  produce  the  one  will  produce  the 

other.    A  great  variety  of  curves  may  be  described  in 

this  way.      If  perpendiculars  be  drawn  to  the  curve 

J}  ba  in  ^xy  point,  they  will  intersect  each  othei*, 

each  its  immediate  neighbour,  in  the  circumference  of 

the  curve  BBA:  and  geometry  teaches  us  how  to  find 
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the  curve  DBA  wbich  shall  prodaee  the  cunre  D  &  a  by 
eroiution.  ^ 

It  is  a  matter  worthy  of  remark,  that  the  path  of  a  bodj 
that  is  deflected  from  rectilineal  motion  bj  a  jvnAt  force, 
▼arying  according  to  anj  law  whatever,  maj  always  be 
described  by  evolution.  This  includes  almost  eveiy  case 
of  the  aetion  of  deflecting  forces ;  none  being  excepted 
but  when,  by  the  opposite  action  of  diiferent  forces,  the 
body  is  in  equilibrio  in  one  single  point  of  its  path. 

Our  task  is  now  brought  within  a  very  narrow  compass, 
namely,  to  measure  the  deflection  in  the  arch  of  a  circle. 

Had  the  motion  represented  in  fig.  21.  been  polygonaf, 

it  is  plain  that  the  deflecting  force  in  the  point  B  is  to 

that  in  the  point  £  as  the  diagonal  B  6  of  the  parallelogram 

ABC  h  to  the  diagonal  E  t  of  the  parallelogram  DEF  t ; 

therefore  let  ABCZY  be  a  circle  passing  through  the 

points  A,  6,  and  C,  and  let  the  radius  vector  BS  cut  the 

circumference  in  Z ;  draw  AZ,  CZ,  and  the  diagonal  AC, 

which  neeessarily  bisects  and  is  bisected  by  the  diagonal 

B  &.    The  triangles  h  BC  and  CBZ  are  similar ;  for  the 

angle  C  ft  B  is  equal  to  the  alternate  angle  A  B  6  or  ABZ, 

which  is   equal  to  ACZ,  standing  on  the  same  chord 

AZ.    And  the  angle  CB  ft,  or  CBZ,  is  equal  to  CAZ, 

standing  on  the  same  chord  CZ ;  therefore  the  remaining 

angle  ft  CB   is   equal   to   the   remaining  angle  AZC  ; 

therefore   ZA    is    to   AC    as    BC   to    B  ft,    and    B  6 

ACxBC.     •    ...  „  .         DFxEP 

In  like  manner  £  t  :^ 


AZ \L%     • 

Now  let  the  points  A  and  C  continually  approach, 
and  ultimately  coalesce  with  B ;  it  is  evident  that  the 
circle  ABCZY  is  ultimately  the  equicurve  or  coinci- 
ding circle  at  the  point  B,  and  that  AS  ultimately  coa. 
lesces  with,  and  is  equal  to,  BS,  and  that  ACxBC 
is  ultimately  2BC'  ;  therefore  ultimately      ^ 

i»  A.  p  ,_2BCV2EF«    ^^_    BC«.EF« 
Bft:Ei  =  ^g^.__,or=   ^gg  *  iEi" 
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Now  BC  and  EF,  being  described  in  equal  times,  are 
as  the  velocities .  B  b  and  £  t  are  the  measures  of  the 
yelocities  which  the  defiecti^  foreea  at  B  and  E  would 
generate  in  the  time  that  the  body  describes  BC  or  £F» 
and  are  therefore  the  measures  of  those  forces^  TAey  are 
as  the  squares  of  ikt  vdoeitits  dirtdljf^  and  inversely  as.  those 
chords  of  the  equicurve  circles  which  have  the  directions  of  the 
dejkction. 

Observe,  that  B  6  or  £  t  is  the  third  proportional  to 
half  of  the  chord  and  the  arch  described ;  for 

B*:BC  =  BC:?^. 

It  is  evident,  that  as  the  arches  AB,  BC,  eontinually 
diminish,  AC  is  ultimatelj  parallel  to  the  tangent  B  r, 
and  BO  is  equal  to  the  actual  deflection  from  the  tan* 
gent    The  triangles  BOC  and  AOZ  are  similar,  and 
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BO  =  j^=-,   or  ultimatelj  =;;  -^=-.   We  may  measure 

the  forces  by  the  actual  deflections,  because  they  are  the 
halves  of  the  measures  of  the  generated  velocities ;  and 
we  may  say  that 
ISO.  The  actual  momentary  defection  from  the  tangeni  is  a 

third  proportional  to  the  defective  chord  of  $he  cfuicurve 

circle  and  the  arch  described  during  the  moment. 

Either  of  these  measures  may  be  taken,-  but  we  must 
take  care  not  to  confound  them.  The  first  is  the  most 
proper,  because  the  change  produced  on  the  body  (whick 
is  the  imsnediate  effect  and  measure  of  the  force)  is  the  de» 
termination,  left  inherent  in  it,  to  move  with  a  certain  ve** 
locity.  This  is  the  measure  ako  which  we  obtain  by 
means  of  the  differential  or  fluxionary  calculus ;  but  the 
other  measure  must  be  obtained  when  our  immediate  ob« 
ject  is  to  mark  the  actual  path  of  the  body-. 

Thus  have*  we  obtained  a  measure  of  deflecting  fbrce, 
and,  in  the  most  important  cases,  a  method  of  discovering 
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its  direction.  It  only  remaiiis  to  poiat  out  the  relatioii 
between  the  intenflity  of  the  force,  the  curvature  of  tl^e 
path,  and  the  velodty  of  the  motion.  These  three  cir* 
cumstances  have  a  necessary  connection ;  for  we  see  that 
the  intensity  is  expressed  by  certain  values  of  the  other 

.       •    *k    r         I     ^  •      Arch«      ^     ^        2BC 
two  in  the  formula /==  |-jjj^pp  or/=  ^j^ 

deflective  velocity  B6  is  acquired  in  the  time  that  the 

body  describes  BC ;  therefore  the  deflective  velocity  is  to 

the  velocity  in  the  curve  as  B  6  to  BC.    The  velocity  B  6 

is  acquired  by  an  accelerated  motion  along  BO ;  for  while, 

by  progressive  motion,  the  body  describes  BC,  it  deflects 

from  the  tangent  through  a  space  equal  to  the  half  of  B  b, 

because  the  momentary  action  of  the  deflecting  force  may 

be  conside;red  as  uniform.    The  progressive  velocity  BC 

may  be  generated  by  the  same  force,  uniformly  acting 

through  a  space  greater  than  BC ;  call  this  space  x.   The 

spaces  along  which  a  body  must  be  uniformly  impelled  in 

order  to  acquire  diflTerent  velocities,  are  as  the  squares,  of 

those  velocities ;    therefore   B  b*  :  BC  ^  B  o  :  ap ;    but 

B  6  :  BC  =  BC  :  J  BZ ;  therefore  B  A* :  BC*  =:  B  6 :  J  BZ, 

and  B  &  ;  i  BZ  =  Bo  ;  X,  and  B6  :  Bo  ;=:  i  BZ  :  x;  but 
B  o  is  i  of  B  i;  therefore  «  is  ^  of  BZ ;  that  is, 

121.  The  velocity  in  aity  point  of  a  curvilineal  path^  it  thai 
which  tht  deJUcting  forces  in  that  point  would  generate  in  the 
hodjf  fry  impelling  it  uniformly  along  one  fourth  part  of  the 
deflective  chord  of  the  equicurve  circle.  If  the  velocity  in- 
crease, the  chord  of  the  equicurve  circle  must  increase ; 
that  is,  the  path  becomes  less  incurvated.  If  the  force  be 
increased,  the  curvature  will  also  increase,  for  the  chord 
of  curvature  will  be  less. 

There  is  another  general  observation  to  be  made  on  the 
velocity  of  a  curvilineal  motion,  which  greatly  assists  us 
in  our  investigations. 
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ISe.  If  a  toJfy  de9crtte$  a  curve  by  the  aeium  of  a  force 
timmfB  directed  to  a  faced  poiniy  end  i>mying  mocMUng  to  any 
propcrtioH  whoever  of  the  dzeianeee  from  that  pointy  and  if 
pother  bo^^  acted  oniythe  same  centripetal  force^  move  lo. 
taard  the  centre  in  a  straight  line^  and  if  inn  ary  one  cote  of 
eqnat  distaneee  from  the  centre  of  fane  the  two  bodiee  have 
tqu&l  vdociltes,  they  will  have  eqnal  vdocitieo  m  every  other 
caee  of  equal  dietancee  from  the  centre. 

LH  one  body  be  impelled  from  A  ffig.  93.)  toward  G 
along  the  straight  line  AVDEC,  and  let  another  be  de« 
fleeted  along  the  curve  line  VIK  k.  About  the  centr* 
C  describe  concentric  arches  ID,  KES,  Terr  near  to  each 
other,  and  cutting  the  curve  in  I  and  K,  and  the  Hne  AC 
in  D  and  E ;  draw  IC,  cutting  KE  in  N»  and  draw  NT 
perpendicular  to  the  arch  IK  of  the  curve,  and  complete 
the  parallelogram  ITNO.  Let  the  bodies  be  supposed  to 
have  equal  velocities  at  I  and  at  D. 

Then,  because  the  centripetal  forces  are  supposed  to  be 
the  same  for  both  bodies  when  they  are  at  equal  dia* 
tances,  the  accelerating  forces  at  D  and  I  may  be  repra* 
sented  by  the  equal  lines  DE  and  IN ;  but  the  force  IN 
is  not  wholly  employed  in  accelerating  the  body  along  the 
arch  IE,  but,  acting  transversely,  it  is  partly  employed  in 
incurvating  the  path.  It 'is  equivalent  to  the  two  forces 
10  and  IT  of  which  only  IT  accelerates  the  body.  Now 
IKN  is  a  right-angled  triangle,  as  is  also  the  triangle  INT ; 
and  they  are  similar ;  therefore  IN  :  IT  r=  IK  :  IN,  or 
DE :  ITr=:  IK :  DE;  that  is,  the  force  which  accelerates  the 
body  along  DE  is  to  thf  force  which  accelerates  the  body 
along  IK  as  the  space  TK  is  to  the  space  DE ;  therefore 
(No.  86.)  the  increment  of  the  square  of  the  velocity  ac- 
quired along  DE  is  equal  to  the  increment  of  the  square  of 
the  velocity  acquired  along  IK.  Bat  the  velocities  at  D 
and  I  were  equal,  and  consequently  their  squares  were 
equal ;  and  these  having  received  equal  increments,  there- 
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fore  the  squares  of  the  velocities  at  £  and  K  are  equal,  aod 
the  velocities  themselTCs  are  equal.  And  since  this  is  the 
case  in  all  the  corresponding  points  df  the  line  AC  and  the 
curve  VLE«  the  velocities  at  all  equal  distances  from  C  will 
be  equal. 

It  is  evident  that  the  Conclusion  will  be  the  same,  if 
the  bodies,  instead  bf  being  accelerated* by  approaching 
the  centre  in  the  straight  line  AC,  and  in  the  burve  VIE, 
are  moving  in  the  opposite  directions  from  £  to  A,  or 
from  I  to  V|  and  ails  therefore  retarded  by  the  centripetal 
force.' 

lea  Cor.  Hence  it  follows^  that  if  a  body  be  projected 
frdm  any  point,  such  as  V,  of  the  curve,  in  a  line  tending 
Straight  from  the  centre,  with  the  velocity  which  'it'  had  in 
that  point  of  the  curve,  it  would  go  to  a  distance  VA,  such, 
that  if  it  were  impelled  along  A  V  by  the  centripetal  forc^ 
it  would  acquire  its  former  velocity  in  the  point  V ;  also 
in  any  point  between  V  and  A  it  will  have  the  same  velo- 
city in  its  recess  from  the  centre  that  it  has  there  in  its 
approach  to  the  centre. 

The  line  BLF6,  whose  ordinates  are  as  the  intensities 
of  the  centripeUl  force  in  A,  V,  P,  E,  or  in  A,  V,  I,  K, 
may  be  called  the  scale  or  exponbnt  of  force;  the  areas 
bounded  by  the  ordinates  AB,  VL,  DF,  £6,  &c.  drai^n 
from  any  two  points  of  the  axis,  are  as  the  squares  of  the 
velocity  acquired  by  acceleration  along  the  intercepted 
part  of  the  axis,  or  in  any  curviltneal  path,  while  the  body 
ai^roaches  the  centre,  or  which  are  lost  while  the  body 
retires  from  it  When  we  can  compute  these  areas  we 
obtain  the  velocities  (see  No.  102.) 

We  are  now  in  a  condition  to  solve  the  chief  problem 
in  the  science  of  dynamics,  to  which  the  whole  of  it  is,  in 
a  great  measure,  subservient.     The  problem  is  this. 

Let  a  body  be  projected  with  a  known  velocity  from  a 
given  poipt  and  in  a  given  direction,  and  let  it  be  under 
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tlie  influence  of  a  mechanieal  fojree^  whose  direction,  in- 
tensitj)  and  TariatioDy  are  all  known :  it  is  required  to  de- 
l«*niiBe  its  path,  and  its  motion  in  this  pi4h»  for  any  given 
time  f 

124.  This  problem  is  susceptible  of  three  distinct  classes 
of  conditions^  which  require  a  different  investigation. 

1..  The  force  maj  act  in  one  constant  direction ;  that 
is^  ia  parallel  Jines. 

2. .  The  force  maj  be  always  directed  to  a  fixed  point. 

3.  It  may  he  directed  to  a  point  which  is  continually 
changing  its  place. 

Isty  When  the  force  acts  in  parallel  lines,  the  problem  is 
solved  by  compounding  the  rectilineal  accelerated  motion 
whieh.thc' force  would  produce  in  its  own  direction  with 
the  uniform  motion  which  the  projection  alone  would 
have  produced.  The  motion  must  be  curvilineali  when 
the  accelerating  force  is  transverse,  in  any  degree  what- 
ever,  to  the  projectile  motion ;  and  the  curvilineal  path 
must  be  concave  on  that  side  to  which  the  deflecting  force 
tends ;  for  the  force  b  supposed  to  act  incessantly.  .  The 
place  of  the  body  will  be  had  for  any  time,  by  finding 
where  the  body  wouldiiave  been  at  the  end  of  that  time 
by  each  force  acting  alone,  and  by  completing  the  paral- 
lelogram. Thus,  suppose  a  body  projected  along  AB 
(fig.  80.)  while  it  is  continually  acted  on  by  a  force  whose 
direction  is  AD.  Let  D  and  B  be  the  places  where  the 
body  would  be  at  the  end  of  a  given  time.  Then  the 
body  will,  at  the  end  of  that  time,  be  in  F,  the  oppo- 
site angle  of  the  parallelogram  ABFD.  But  it  has  not 
described  the  diagonal  AF,  because  its  motion  has  been 
curvilineal,  as  we  shall  find  by  determining  its  place  at 
oth.er  instants  of  this  time. 

The  velocity  in  any  point  F  is  found  by  first  determin- 
ing the  velocity,  at  D,  and  making  DT  to  DF  as  the  ve- 
locity at  D  to  the  veloi^ty  at  B  (that  b,  the  velocity  of 
projection^  because  the  motion  along  AB  is  uniform.) 
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Then  draw  TF.  Then  AB  is  to  iT  as  tlie  constant  re* 
locitj  of  projection  to  the  Telocitj  at  F.  We  hare  seen 
already  (No.  ll»-rll  9.)  that  TF  U  a  tangent  to  the  cuire 
in  F.  Hence  we  may  determine  the  velocity  at  F  in  an* 
other  way.  Haring  determined  the  fi>rm  of  ikhe  path  in 
the  way  already  described,  by  finding  its  difierent  points, 
draw  the  tangent  F  iy  cutting  the  line  DA  in  i.  Then 
the  velocity  at  A  is  to  that  at  F  as  AB  to  d  F.  Henee 
also  we  see,  that  the  velocities  iii  eviery  point  of  the  curve 
are  proportional  to  the  p^rtiofi  of  the  tangents  at  those 
points  which  are  intercepted  between  cmg  two  lines  pacnU 
lei  to  AD. 

Either  of  these  methods  for  ascertaining  the  velocity, 
in  this  case  of  parallel  deflections,  will  in  general  be 
easier  than  the  general  method  in  Na  121.  by  the  equi- 
curve  circle. 

It  was  thus  that  Galileo  discovered  the  piuabolic  mo- 
tion of  heavy  bodies. 

2d.  We  must  consider  the  motions  of  bodies  affected 
by  centripetal  or  centrifugal  forces,  always  tending  to 
one  fixed  point  This  is  the  celebrated. taoerse  proftfem  pf 
ceniripttal  forces f  and  is  the  42d  proposition  of  the  first 
book  of  Newton^s  Prineipia.  We  shall  give  the  solution 
after  the  manner  of  Jts  illustrious  author;  because  it  is 

■  « 

elementary,  in  the  purest  sense  of  the  word,  keeping  in 
view  the  two  leading  circumstances,  and  these  only,  name- 
ly, the  motion  of  approach  and  recess  from  the  centre, 
and  the  motion  of  revolution.  By  this  judicious  process, 
it  becomes  a  pattern  by  which  more  refined,  and,  in 
some  respects,  better  solutions  should  be  modelled.  At 
the  same  time  we  shall  supply  some  steps  of  the  in- 
vestigation which  bis  elegant  conciseness  has  made  him 
omit. 

125.  Let  a  body,  which  tends  to  C  (fig.  24.)  with  a 
force  proportional  to  the  ordinates  of  the  exponent  BLFO, 
having  the  axis  CA,  be  project^  from  V  in  the  direction 


VQ,  witi  the  velocity  lyUicfe  tUe  ^©itripetal  Cqrce  WPuW 
gf nefate  in  it  bj  af<?elert^ting  H  along}  AV-  ^t  ^^  re(|ui.re4 
to  determine  the  path  or  orbit  y|]^  of  th^  b^^?*  ^^d  it^ 
place  5  ia  ^h\8  qr^t,  i^(  the  erxd  qf  tfeg  ^?^igu^  tiin?  T  ? 

•    SMpj^qgfl  tlift  tWng  dfti^^,  iiq4  tM  I  w  the  pUc^.  of  the 

)|qd7>  A^i^l^t  the  ce^ftre  C,  ^i^h  (be  dUtWC(^  CV  and 
CI,  ft^scril^  t^e  circled  VV  ^nd  ID..  Drsf  GIX  to  the 
circumference,  and  draw  the  ordinate  D]^  Qf  t^ie  fti^poQeii^ 
of  forces,  producing  it  toward  x,  and  produce  the  ordi- 
nate VL  to|f  ard  a.  Let  V  t  be  tb^  distance  to  which  the 
{mhIj  wquld  gp  along  the  tangent  VQ  in  the  time  T,'  an^ 
join  t  C.  hfii  this  be  supposed  done  for  every  point  of 
the  cutv^.  Let  at 4  and  axy  be  two  curves  so  related 
to  the  curve  VIE,  that  the  ordinate  DF  cuts  off  an  area 
Va  t  D  equal  to  the  orbital  sector  VC1,  and  an  area  W  axU 
equal  to  ttie  circular  sector  VpX.  ' 

Then,  because  Ihe  velocUy  of,  prcgeotion  is  given,  tht 
distapce  V  t  is|  knowyi,  ati(i  the  a)*ea  qf  the  triangle  YC  (• 
JBut  this  is  equal  to  ^hf  f^rea  VCI,  l)y  (l^e  I^vfs  of  centrfd 
|brces  (^q.  fl5.)  "ipherffore  tl^e  §rpf{  Votp  is  giyeii* 
Also,  l^ecfiuse  the  ^i*ea  yC|  increases  in  the  proportion  of 
thje  t^fnf)  th^  are2(  V  a  t  P  increasj^s  qt  tb^  sa^ne  rate. 
^Therefore,  having  t)fesp  fii4))8idiiMry  cqrvedj  aik,  axy^  tb^ 
probjem  is  solved  (|s  follpi^s : 

'  Draw  p,x^  ordinate  D  t,  cUtlifig  off  an  area  V  a  i  D  pro- 
portional to  the  time,  ^nd  ({escribe  a  circle  D(R.  Theft 
draw  a  line  CX,  cutting  off  a  sector  VCX,  equal  to  the 
area  V a »  D  cut  ofTby  the  ordinate  D ix.  This  line  wi)} 
cut  the  circle  DR  in  tl)e  po|nt  I>  wipch  is  the  point  qf 
the  orbit  that  was  demapd^* 

Bq^  the  chief  4ifficnlty  of  thp  prpbjepi  cqnsists  in  the 
description  of  the  two  subsidiary  curve^fit^  and  axy^ 
into  wjiijch  the  lin^s  VIK  and  VXY  are  transformed. 
We  attain*  this  construction  by  reso)v;ngthe  ipqtionjn^he 
i|rci^  of  t)ie  orfbit  into  f.wo  motions^  one  of  wbich  if^  in 

VOL.  I.  K 


146  DYNAMICS* 

the  direction  of  the  transTerse  force,  or  of  the  radius  vec- 
tor, and  the  other  is  in  the  direction  of  revolution,  or 
perpendicular  to  the  radius. 

Let  V  k  and  IE  be  two  vety  small  arches  described  in 
equal  moments,  and  therefore  ultimately  in  the  ratio  of 
the  velocities  in  V  and  I  (No.  73.)  Describe  the  circle 
KE,  cutting  IC  in  N.  Draw  KC  and  k  C,  and  k  n  per- 
pendicular to  VC. 

The  element  ICK  of  the  orbit  is  .=- 3— •  or  to 

z 

i  IC  X  KN.    This  is  equal  to  the  element  D  t  Ar  E  of  the 

area  V  6  t  D,  or  to  D  t  x  DE,  or  to  D  1  x  IN.     There* 

fore  IN  :  KN  =:  i  IC  :  D  t,  or  8  IN  :  KN  =  IC  :  D  t\ 

^  ,  T.  .      IC     KN 

*^^^^  =  -8lN- 

Now  let  A  Ifg  be  the  exponent  of  the  velocities^  that  is 

(N»  86.),  let  V  ^  be  to  D/*  as  ABLY  to  ABFD,  or 

V / :  D/=  i/ABLV  :  •55PD.  Make  Yv  and  It  iil 
the  tangents  respectivelj  equal  to  V  /  and  Df.  Draw  v  u 
and  to  perpendicular  to  VC  and  IC,  and  v  m  perpendicular 
to  LV  produced.  Let  mrz  be  an  equilateral  hyperbola, 
having  VC,  ZC,  for  its  asymptotes,  and  cutting  FD  pro- 
duced in  r.  Then  the  ordinates  V  m,  D  r,  are  inversefy 
proportional  to  CV,  CD,  or  V  wi :  D  r  =s  CD  :  CV,  =x 
CI  :  CV.  But  because  the  momentary  sectors  VC  k  and 
ICK  are  equal,  Arn  :  KN  =  Cl :  CV,     Therefore, 

Vwi:  Dr=kn:  KN 
but  Vv:\mz=:\k:kn 

and  It(orD/):  Vt?=:IK:VAr 

therefore      1 1 :  D  r  =  IK  :  KN 
but  1 1 :  t  o  =  IK  :  KN,  by  similar  triangles. 

Therefore  D  r  =  i  o,  and  t  0  :  V  w  =  VC  t  CI. 

Also,  by  similarity  of  triangles,  1 0  :  1 0  =  iN  :  KN, 
and2Io:  td  =  2IN:  KN. 

Nowjt  was  shewn,  that  in  order  th^t  the  space  D  t  iIrE 
may  be  equal  to  the  space  ICK,  we  must  have 
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5iN:KNi±lC:Df 
or  2Io:  to=:IC  :Dt 

but  to  :  Vm  =  VC:IC 

theref 01^  ^  t  o '.  V  m  91 YC :  D  f 

And  D  t  == --^T-^ — • 

Having  obtained  Dt,  ^  tarilj  get  D  x;  for  the  ulti- 
mate ratio  of  ICE  to  XG  Y  is  that  of  iC«  to  \C\  There- 
fore noake 

IC*:  VC«=:bt:D*. 

Thus  are  the  points  of  the  two  subsidiarj  curves  0 1  k, 
cxy,  determined. 

Th^  rectangle  VCxV  m  is  a  cfohstaAt  hiagnitude ;  and  is 
given  beeau!^  VC  is  given,  and  V  m  is  the  given  velocity 
V  (,  diminished  in  the  ratio  of  radius  t6  the  sine  of  the 
given  angle  CVQ, 

But  the  line  2 1 0  is  of  variable  magnitude,  but  it  is  also 
given,  by  means  of  known  quantities.   I  o*  is  =  1 1^  —  t  o^, 

—  D/*  —  b  t*,  and  1 6  =  •d/*  —  D  r*.      Moreover, 
D/*  =  ABFI>,  and  D  r«  -r         |(T"**>      Therefore 

» 

210  =  2/  AB]t't)  -^ 1^3 ,  exfiressed  in  known 

quantities,  because  ABFD  is  known  from  the  nature  of 
the  cetatripetal  force. 

Let  thie  indeterminate  distance  CI  or  CD  be  =:  x^  and 
let  the  ordinate  DF^  expressing  the  force,  be  y.  Let  VC 
be  a,  and  V  m  l)e  c,  and  let  a  6  be  a  rectangle  equal  to  the 
whole  area  of  the  exponent  of  forces  lying  between  the  or- 
dinate AB  and  the  ordinate  CZ,  so  that  a  b  "^fy  ^  ^^^7 
represent  the  indeterminate  area  ABFD. 

WehaveDi=  ^^ 


and  D  A?  = 


«;/« 

0'  c 

• 

2«» 

i 

lal^j 
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Remark.  We  have  hitherto  supposed  that  the  Telocitjr 
of  projection  is  acquired  hy  acceleration  along  AV.  But 
this  was  merely  for  greater  simplicity  of  argument,  and 
that  the  final  values  of  D  t  and  D  x  misht  be  easier  con« 
ceiyed.  In  whatever  way  the  velocity  is  acquired,  it  will 
still  be  true,  that  when  in  any  point  V  we  indce  V  /  to  V  m 
as  the  indnientary  incremeat  V^  of  the  arch  is  to  the 
perpendicular  kn  on  the  radius  vector,  we  shall  have  ia- 
every  other  point,  such  as  I,  the  line  D  f  to  the  line  D  r 
as  the  increment  IK  of  the  arich  to  EN.  And  in  the  final 

«  ^ 

equation  D/  will  still  be  expressed  by  V^  ab  —  /yx. 

126.  €or,  1.  The  angle  i^hich  thierpath  of  the  pi^ojectile 
makes  with  the  radius  vector  is  determined  by  this  ^q1u« 
tion ;  for  J,  i  is  to  to  as  radius  to  the  sine  of  this  angle; 

ac 


which  sine  is  therefore  = 


xyab  — 


■/y« 


Q  C 

127.   Cor.  2.   When  the  magnitude  —  is  equal  to 

X 


i^ ah  *^  Pyx  the  path  is  pezpendicular  to  the  radius  vec- 
tor, and  the  body  is  a  tone  of  the  apsides  of  its  orbit,  and 
begins  to  recede  from  tlie  centre  after  having  approached 
to  it,  or 'begins  to  approach  after  having  receded. 

128.  Cot.  3.  The  curvature  of  the  orbit  VIK  is  also 
determined  in  every  point ;  for  the  curvature  of  any  line 
is  inversely  as  the  radios  of  the  equicurve  circle,  and  this 
is  to  the  chord  lyhich  passes  through  C  as  radius  to  the 
sine  of  the  angle  CI  t.  Because  the  velocity  in  any  point 
I  is  =  >J  ABFD,  and  is  equal  to  what  the  centripetal  force 
at  I  would  produce,  by  impelling  the  body  along  ^th  of  the 
deflective  chord  of  the  equicurve  circle,  we  have  this  chord 

ABFD 
=  4  — =prp — .    Or  we  obtain  it  by  taking  a  third  propor- 
tional to  the  momentary  deflection  and  the  momentary 
arch  of  the  curvcj  or  by  other  processes  of  the  higher 
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geometry,  all  proceeding  on  the  qimntities  furhislied  in 
this  investigatidrn; 

129.  Saclk  IS  the  solution  of  this  celebrated  problem 
given  bj  New ton^  who  may  justly  be  called  the  inventor 
of  the  science  ^f  which  it  is  the  chief  result,  as  well  as  of 
the  geometry,  by  help  of  which  it  is  prosecuted.  We 
cannot  give  this  glory  to  Galileo ;  for  his  simple  problem 
of  tlie  motion  of  bodies  affected  by  uitiform  and  parallel 
gravity,  however  just  and  elegant  his  solution  may  be, 
was  peculiar ;  and  the  same  must  be  said  of  Huyghens^s 
doctrine  of  centrifugalv  forces.  Besides,  these  theorems 
had  been  investigated  by  Newton  several  years  before,  as 
corollaries  which  he  could  not  pass  unnoticed,  from  his 
general  method.  This  is  proved  by  letters  from  Hu}  ghens. 

130.  Whether  we  consider  this  problem  as  a  piece  of 
mere  mathematical  speculation,  or  attend  to  iU  conse- 
quences, which  include  the  whole  of  the  celestial  motions 
in  all  their  extent  and  cbmpKcation,  we  must  allow  it  to 
be  highly  interesting,  arid  likely  to  engage  much  attention 
in  the  period  of  ardent  inquiry  wbich  closed  the  last  cen- 
tury. Accordingly,  it  was  no  sooner  known,  by  the  publi- 
cation of  the  'Mathematical  Principles  of  Natural  Philosophy 
in- 1686,  than  it  occupied  the  talents'of  the  most  eminent 
m^hbmaticians ;  and  many  solutions  were  published,  some 
of  wHich  differ  considerably  from  Newton^s;  some  are 
moiie  exp^itious/  and  better  fitted  for  computation.  Of 
these,  the  most  remarkable  for  originality  and  ingenuity 
are  those  of  de  Moivre,  Hermann,  Eeill,  and  Stewart. 
The  last  diff^s  most  from  the  metliods  pursued  by  others. 
M^Lauriti'*s  pi^opositionson  this- subject,  and  in  that  part 
of  his  fluxions  which  treats  of  curvature,  are  highly  va- 
luable, classing  the  chief  affections  of  curvilineal  motions 
geometrically,  as  they  are  suggested  by  the  fluxionary 
method ;  and  then  shewing,  in  a  very  instructive  manner, 
the  connection  between  these  mathematical  affeclions  of 
motion  and  the  powers  of  'nature  which  produce  them« 
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This  part  of  bis  exce^ent  woi[k  U  a  fine  example  of  tbe 
real  nature  of  all  inquiries  in  dynamics ;  shewing  that  it 
differs  from  geometry  little,  more  than  io  the  hmguage,  in 
which  the  word  fovce  is  substituted  for  (K^krution^  retor«r 
dation^  or  dcflectiat^  We  recommend  the  carefbl  pei^^sal 
of  these  propositioyis  to  aU  who  wi,8b  to  have  clear  con-f 
ceptions  pf  the  si^bject.  Dr  John  KeiQ  apid  I>r  Hqurslej 
(bishop  of  ^ochesteir)  have  givei\  particular  t^atis^  on  th^ 
motions  of  bodies  4eflected  by  centripetal  forces  inversely 
proportional  to  the  cubes  of  tbe  distances ;  induced  by  th^ 
singular  motions  which  result  fropn  this  law  of  a/ctv>n^  and^ 
the  piiiUitude  of  beautiful  propp^it^>iis  wkid^  they  suggest  ta 
the  mathenuiticianL  ^ewtoi^  inde^d^  first  perq^ived  l;ioth 
of  these  peculiarities,  and  has  begun  thi^  branch  of  th^ 
general  pi^oblem^  He.  first  4!^monstrated  the  desciription 
of  tb^  loga,rithmic  and  hyperbolic  spirals,  and  indicated  a 
variety  of  curious  recurring -elliptical  spjiralsi^  which  would 
be  ^escribed  by  means  of  ^is  fvrce,  and  S:hewing  1|hat 
they  are  all  susceptibly  of  accurate  quadrature.  Several 
of  those  aythors  affect  tp  consider  their  solutions,  as  mor^ 
perfect  than  Newton^s^^  and  aa  more  immediately  indicating 
the  remarl(able  properti^  of  such  motiops ;  and  also  af- 
fect to  have  deduce^  them  from  different  and  origini^ 
principles.  But  we  cannot  help,  ^yuig»  that  their  claim^ 
to  superiority  are  very  ill  founded ;  th^re  k  not  a  prii\- 
ciple  made  use  of  in  their  solutions  which  was  not  pointeil 
out  by  Newton,  and  eihployed  by  him.  The  appearance 
pf  originality  arises  from  their  having  taken  a  n^pre  parti- 
cular  concern  in  some  general  property  of  curvilineal  mo-  ^ 
tions;  such  as,  the  curvature,  the  centrifu£:al  force,  &c. 
and  the  making  that  the  leading  step  of  their  process* 
But  Newton^s  is  still  the  best ;  bepause  it  is  sti^ictly  ele- 
mentary, aiming  at  the  two  leading  circumstances,  the: 
motion  to,  or  from  the  centre,  and  th^  motion  of  revolu- 
tion round  that  centre.  To  these  two  purposes  be  ^d^pt-^ 
.  ^d  his  two  subsidiary  curves. 
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131.  Is  it  not  BurprisiDg,  tliat  25  years  after  the  publica- 
tion of  Newton^s  Priwdpia,  a  mathematician  on  the 
continent  should,  publish  a  solution  in  the  Memoirs  of 
the  French  Academy,  and  .boast  that  he  had*  given  the 
first  demonstration  of  it  ?  Yet  Jobn  Bernoulli  did  this 
in  1710.  Is  it  not  more  remarkable  that  thb  should 
be  precisely  the  solution  given  by  Newton,  beginning 
firom  the  same  theorem,  the  40t&.  I.  Prin.  following  ^New- 
ton  in  every  step,  and  using  the  same  subsidiary  lines? 
Yet  so  it  is.    Bernoulli  actually  reduces  the  whole  to 

ac 

two  functions ;  namely,    /.  ah^^J^  x •—  — 3 —  and 

;  which  la3t  is  plainly  the 


J 


A 


same  with  NewtonV  Ag  i/TSbF--2^ '  because  New- 
ton's ?  is  the  same  with  ~  andNewton's  AVABFD— Z« 
A  op 

is  the  same  with  *^^  «  ^~f^  jg — qg  c*, which Bemoul- 

li  has  changed  into    I  ahx^  '^S^  **  *  —  ^*  ^*  **' 

Bernoulli's  chief  boast  in  this  dissertation  is,  that  vxm 
philosophers  may  he  assured  that  the  planets  will^lwiljrs 
describe  conic  sections  ;  a  truth  of  which  they  had  not  as 
yet  received  any  proof;  because,  says  he,  Newton's  argu- 
ment for  it  in  the  corollary  of  the  13th  proposition  is  in- 
conclusive, and  because  he  had  not  been  able  to  accommo- 
date his  demonstration  of  the  list  and  42d  proposition  to 
the  particular  case  of  the  planetary  gravitation.  New- 
ton'*8  demonstration  in  the  corollary  of  the  13th  proposi- 
tion is  just,  founded  on  the  principle  on  >vhich  the  very  de- 
monstration of  the  42d^  adopted  by  Bernoulli^  proceeds^ 
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and  withoiA  which  that  demonstration  isDf  no  fufce;  ridrte- 
Ijy  that  a  bbdj,  in  given  circuoistances  of  situation,  veio- 
dty,  direction,  and  centripetal  force,  can  describe  pother 
fig<ire  than  what  it  really  describes.  Newton  4)id  not  ac- 
coibniddate  the  d'emohs\ration  of  the  4Sd  proposition  to. 
tlife  planetatj  motions,  because  he  had  already  demon-  ' 
strated  thfe  naKire  of  th^ir  orbits ;  but  mentions  the  case 
of  a  force  proportioiial  to  the  reciprocal  of  the  cubes  of 
fire  distance ;  il^ot  as  a  deduction  from  the  42d,  bat  be- 
ca\ise  it  toas  not  n  deduction  from  it,  and  admitted  of  a  v^rj 
singular  and  beautifid  Investigation  by  qiethods  totally  and 
essentially  different. 

132.  It  cannot  be  expected  that  w^  can  proceed  to 
consider  the  various  departments  of  this  celebrated  pro- 
blem. We  are  only  giving  the  outlines  of  the  general 
doctrines  of  dynamics ;  and  we  have  bestowed  more  time 
on  those  which  are  purely  elementary  than  some  readers 
may  think  they  deserve.  We  were  anxious  to  give  just 
conceptions  of  the  fundamental  principles  of  dynamics ; 
because  we  know  that  nothing  else  can  entitle  it  to-the 
name  of  a  demonstrative  science,  and  because  we  see 
much  indistinctness  and  uncertainty,  and  a  general  vague- 
ness or  want  of  precision,  in  several  elementary  works 
which  a^e  put  into  the  hands  of  perspns  entering  on  the 
study.  This  leads  to  errors  of  more  consequence  than 
a  person  is  aJ3t  to  think ;  because  they  affect  oiir  lead- 
ing thoughts  of  mechanism  itself,  and  our  notions  of  thfe 
intimate  nature  of  the  visible  universe. 

133.  Many  very  general  doctrines  of  dynamics  reinaiti 
untouched ;  all,  namely,  that  relate  to  the  rotative  mo- 
tion of  rigid  bodies,'  and  all  that  relate  to  the  mutual 
action  of  bodies  on  each  other  in  the  way  of  impulse. 
These  subjects  will  be  restin!ied  in  another  part  of  this 
work. 

Notwithstanding  these  omissions,  we  must  observie 
that  no  new  principle  ren^tins  to  be  considered.    We 
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hire  ^v^n  kH  that  are  necessary ;  arid  Uiere  is  no  qeres^ 
tion  that  ticcurs  fti  \\te  eases  omitted,  which  canndt  be 
<50iiipietely  ahswer^d  by  rAestia  of  the  pttfpo»HiMs  al- 
ready e^tablhrhed,  We  havie  taught  how  to  didcov^  the 
existence  aird  agendy  of  a  mechatiiiDal  force,  to  tneastite 
and  characterise  it,  and  then  to  'state  what  will  b^  itg 
various  effects,  accordihg  to  the  ciitttmistdnces  iff  the 
case.  * 

1S4,  Pro(5ebdihg  by  these  principles,  met  hiive  discovered 
an  universal  fact,  that  evei^  ACTiobr  oiT  one  body  on  anbthef 
is  a^^compamed  by  an  'equal  REACTtON  of  Ihdt  other  on 
the  first,  in  the  opposite  dfrettibn;  that  is,  to  express  )l 
in  the  language  of  ^yn^mics,  *<  all  the  phenomena  n^hich 
**  malce  as  infer  that  the  body  A  possesses  a  fdrce  by 
"  wKich  it  changes  the  mdtibn  of  theHiody  B,  shew,  at 
'<  the  sam^  time,  that  B  pdi^sessea  b  foree  by«^hich  H 
<<  hiakes  an  equal  an&  oppo^it^  iteration  in  the  mbtion 
**  of  A.'**  This,  however,  is  ttbt  a  doctrine  of  abstract 
dynamics:  it  does  not  Iflow  fr<)m  our  idea  of  force ;  there-* 
f<dre  h  was  not  included  in  oilr  list  of  the  laws  of  mo- 
moN.  It  is  a  paH  of  the  ttiechanrcial  Uistbry  of  nature, 
jifst  as  the  law  of  universal  gravftatidn  is;  and  it  might  b^ 
called  the  idW  of  iti^ivbrsal  aEACTioN.  Newtbniias,  in  out 
apprehension,  devfatied  (torn  his  accu^tbmed  logical  accu- 
racy, when  he  Wdtnits,  as  a  third  axiom  6r  law  of  motion, 
that  reactidYi  is  always  equal  lind  contrary  to  actibn.  It 
Is  a  pfaysfcfftl  latF,  in  as  far  as  it  is  oMervtd  to  obtain 
through  the  whole  extent  oT  the  solar  system?  But  New- 
ton bim&elf  did  hot,  in  the  subsequent  part  of  his  worir, 
treat  tt  as  a  logical  aixibm  ;  that  is,  as  a  law  of  humatv 
thou^t  with  te^pect  to  ihotion :  fdr  he  labours  to  pi-ove, 
hj  yhct  &nd  tfbstrvUtionj  that  it  i-eally  obtains  through  the 
whole  extent  6f  the  &oIar  syl^tem';  'and  it  is  in  this  disco- 
very that  his  chief  claim  tb  une(j[\]'a11eid  penetration  and 

discemmebt  appears. 

135.  Availing  ourselves  of  this  fact,  we^  with  very  little 
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trouble,  sUte  all  the  laws  of  impulaion.  The  hoij  A, 
for  example,  moving  to  the  westward  at  the  rate  of  eight 
feet  per  minute,  overtakes  the  double  body  B,  moving  lit 
the  rate  of  four  feet  per  minute.  What  must  be  the  con- 
sequence of , their  mutual  impenetrability,  and  of  the  equa- 
lity and  contrariety  of  action  and  reaction  ?  Their  mo- 
tions must  be  such  that  both  sustain  equal  and  opposite 
changes.  They  must  give,  in  some  way  or  other,  thia 
indication  of  possessing  equal  and  opposite. forces.  This 
will  be  the  case  if,  when  the  changes  are  completed,  A 
and  B  niove  on  in  contact  at  the  rate  of  four  feet  per 
minute :  for  here  A  has  produced  in  each  half  of  B  a 
change  of  motion  two ;  and  therefore  a  totality  of  change 
equal  to  four*  This  is  the  effect,  the  mark,  the  measure, 
of  the  impulnve  farce  of  A ;  for  it  is  the  whole  impulsion, 
B  has  produced  in  A  a  change  of  motion  four,  equal  to 
the  former,  and  in  the  opposite  direction.  This  b  the 
eff*ect,  inark,  and  measure,  of  the  rqn^aine  force  of  A ; 
for  it  is  the  whole  repuUion.  And  this  is  all  that  we  ob- 
serve in  the  collision  of  two  lumps  of  clay ;  and  the  ob- 
servation is  one  of  the  facts  on  which  the  reality  of  the 
physical  law  of  equal  actioii  and  reaction  is  founded :  and 
we  can  make  no  farther  inference  from  tAi«  fact. 

But  the  event  might  have  been  very  diff*erent  A  and 
B  may  be  two  magnets  floating  on  porks  upon  water,,  with 
their  north  poles  fronting  each  other.  We  know,  by 
other  means,  that  they  really  possess  forces  by  which  they 
equally  repel  each  other.  The  dynamical  principles  aW 
ready  established  tell  us  also  what  must  happen  in  X\m 
case. '  That,  both  conditions  of  equal  reaction  and  sensi- 
ble repulsion  may  be  fulfilled,  A  must  come  to  rest,  and 
B  must  move  forward  at  the  rate  of  four  feet  per  minute. 
The  same  thing  must  happen  in  the  meeting  of  perfectly 
elastic  bodies,  such  as  billiard  balls.  If  elastics  are  known 
to.be  imperfect  in  any  degree,  our  dynamical  principles 
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wifl  still  state  the  effect  of  thek  coinsion,  in  conformitjr 
to  the  law  of  equal  reaction. 

136.  In  like  manner,  aU  the  motions  of  rotation  are 
explained  or  ixre4icted  by  means  of  the  same  principles  of 
dynamics  applied  to^  the  foree  of  lohesiotn.  This  is  con- 
sidered as  a  moving  force,  becaiise,  when  the  attraction 
of  a  magpet  acts  on  a  bit  of  iron  attached  to  one  end  of 
a  long  lath  floating  on  water,  the  whole  lath  is  moved,  al- 
though the  magnet  does  not  act  on  it  at  all :  some  other 
force  acts  on  it ;  it  is  its  cohesion ;  which  is  therefore  a 
moving  force,  and  the  subject  of  dynamical  discussion. 

137.  And  thus  it  appears  that  these  subjects  dp  not 
come  necessarily,  nor,  perhaps,  with  aidentiQc  propriety, 
under  the  category  of  dynamics,  but  are  parts  of  the  me- 
ishanical  histoi^  of  nature.  Yet,  did  a  work  like  oura 
give  room  in  this  place,  the  study  of  mechanical  nature 
might  be  considefahly  iqiproved,  by  giving  fi  lystem  of 
such  general  doctrines  as  involve  no  other  notions  but  those 
of  force  and  its  measures,  and  the  hypothesis  of  equal  re- 
action. So^ne  very  general,  nay  universal,  consequences 
of  this  combination  mi^ht  be  established,  which  fvould 
greatly  assist  the  mechanician  in,  the  solution  of  difficult 
atid  complicated  problems.  Such  is  the  proposition,  that 
ihe  mtUiuil  ctciions  of  hodieM  depend  on  thHr  relative  motum9 
>^/y,  and  require  no  knowledge  of  their  real  motions,  Thi^ 
principle  simplifies  in  a  wonderful  manner  the  most  diffi- 
cult and  the  mojst  frequent  cases  of  action  which  nature 
presents  to  our  yiew ;  but  at  the  same  time  giv^s  a  severe 
blow  to  human  vf^ity,  by  forcing  us  to  acknowledge  that 
we  knpw  nothing  of  the  real  motion  of  any  thing  in  the 
universe,  ^nd  never  shall  know  any  thing  of  it,  till  our 
intellectual  cqn8tit9tion,  or  our  opportunities  of  observa-^ 
tion,  are  completely  changed. 

138.  M.  D^Alembert  has  made  this  principle  still  more 
serviceable  for  extricating  ourselves  from  the  immense 
complication  of  actions  that  occurs  in  all  the  spontaneous 
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phenomena  of  nature,  by  presenting  it  to  us  in  a  differ- 
ent form,  which  more  distinctly  expresses  what  may  be 
called  the  elements  of  the  actions  of  bodies  on  each  other. 
His  proposition  is  as  follows  (see  his  Dyncanique,  p.  73.)  : 

**  In  wbatever  manner  a  number  of.  bodies  change  their 
motions,  if  we  suppose  that  the  motion  which  each  body 
would  have  in  the  following  moment,  if  it  were  perfectly 
free,  is  decomposed  into  two  others,  one  of  which  is  the 
motion  which  it  really  takes  in  consequence  of  their  mu- 
tual actions,  the  other  will  be  such,  that  if  each  body 
were  impressed  by  this  force  alone  (that  is,  by  the  force 
which  would  produce  this  motion)  the  whole  systeni  of 
bodies  would  be  in  equilibrio,^ 

This  is  almost  self  evident :  for  if  these  second  consti- 
fiient  forces  be  not  such  as  would  put  the  system  in  eq}iu 
librio,  the  other  constituent  motions  could  not  be  those 
which  the  bodies  really  take  by  the  mutual  action,  but 
would  be  changed  by  the  first. 

•  For  example,  let  there  be  three  bodies  P,  Q,  R,  and 
let  the  forces  A,  B,  C,  act  on  them,  such  as  would  give 
them  the  velocities  p^  9,  r,  in  any  directions  what- 
ever, producing  the  momenta,  or  quantities  of  motion, 
P  xp,  Q  X  9,  K  X  r,  which  we  may  call  A,  B,  C,  because 
they  are  the  proper  measures  of  the  moving  force.  Let 
us  moreover  suppose,  that,  by  striking  each  other,  or  by 
being  any  how  connected  with  each  other,  they  cannot 
take  these  motions  A,  B,  and  C,  but  really  take  the  mo^ 
tions  a,  &,  and  c.  It  is  plain  that  we  may  conceive  thk 
motion  A  impressed  on  the  body  P,  to  be  composed  of 
the  motion  a,  which  it  really  takes,  and  of  another  mo- 
tion «.  In  like  manner,  B  may  be  resolved  into  &,  which 
it  takes,  and  another  fi ;  and  C  into  c  and  ».  The  mo- 
tions will  be  the  same,  whether  we  act  on  P  with  the 
force  A,  or  with  the  two  forces  a  and  «;  whether  we  act 
on  Q  with  the  force  B,  or  with  b  and  fi ;  and  on  R  with 
the  force  .C,  or  with  cand».    Now  by  the  supposition^ 
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the  bodies  actually  tak?  the  motioas  a^  &,  and  c ;  therefoFe 
the  motions  ««/3,  and  »  must  be  such  as  will  not  derange 
the  motions  a,  by  and  e ;  that  is  to  say,  that  if  the  bodies 
had  only  the  motions  «» /3»  and  »  impressed  on  them,  they 
would  destroy  each  other,  and  the  system  would  remain 
at  rest 

Mr  D^Alembert  has  applied  this  proposition  with  great' 
address  and  success  to  the  very  difficult  questions  that  oc- 
cur in  the  motions  and  actions  of  fluids,  and  many  other 
most  difficult  problems,  such  as  the  precession  of  the  equi- 
noxes, &e.  The  cause  of  its  utility  is,  that  in  most  cases 
it  is  not  difficult  to  find  what  forces  will  put  a  system  in 
equilibrio ;  and  combining  these  with  the  known  extrane* 
ous  forces  whose  effects  we  are  interested  to  discover,  we 
obtain  the  motions  which  really  follow  the  mutual  action 
of  the  bodies. 

This  is  not,  properly  speaking,  a  principle:  it  is  a 
form  in  which  a  general  fact  may  be  conceived*  In  the 
same  way  the  celebrated  mathematician  De  la  Grange 
observed,  that  a  system  of  bodies,  acting  on  each  other 
in  any  way,  b  in  equilibrio,  if  there  be  impressed  on  ita 
parts  forces  in  the  inverse  proportion  of  the  velocities 
which  each  body  takes  in  consequence  of  their  action  or 
connection;  and  he  expresses  this  universal  fact  by  a 
very  simple  formula ;  and,  calling  this  also  a.  principle, 
he  solves  every  question  with  ease  and  neatness^  by  re- 
ducing it  to  the  investigation  of  those  velocities.  In  this 
way  he  has  written  a  complete  system  of  dynamics,  to 
which  he  gives  the  title  of  Mechanic  Analytiqtu^  full  of 
the  most  ingenious  fpid  elegant  solutions  of  very  interest* 
iug  and  difficult  problems ;  and  all  this  without  drawing 
a  line  or  figute^  but  accomplishing  the  whole  by  algebraic 
operations. 

139.  But  this  is  not  teaching  mechanical  philosophy  ;  it 
is  merely  employing  the  reader  in  algebraic  opera tions^  each 
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of  which  he  perfectly  understands  in  its  quality  of  an  al 
gebraic  or  arithmetical  operation,  and  where  he  may  have 
the  fullest  conviction  of  the  justness  of  his  procedure. 
But  all  this  may  be  (and,  in  the  hands  of  an  expert  alge 
b^iftt,  it  generally  is,)  without  any  notions,  distinct  or 
indistinct,  of  the  things,  or  the  processes  of  reasoning 
that  are  represented  by  the  syihbols  made  use  of. 
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MOTION  OF  SVBLUHART   BODIXS   IN  I'RU  SPACB^ 


140.  In  the  process  of  our  examination  of  the  motions  id. 
the  solar  system,  it  appears  that  terrestrial  gravity,  or  the 
heaviness  of  eommod  sublunary  bodies^  is  only  a  particular 
case  of  the  mutual  tendency  of  all  matter  towards  all 
matter.  It  further  appears,  that  a  body  on  the  surface  of 
our  globe  gravitates  in  a  line  that  is  directed  very  ne^ly 
to  tiie  centre  of  the  earth ;  and  that  the  intensity  of  this 
gravitation  is  inversely  proportional  to  the  square  of  its 
distance  from  tl^is  centre. 

Bodies  let  fall,  or  projected  in  any  direction  on  the  sur- 
face of  this  earth,  move  under  the  influence  of  this  force^ 
and  their  motions  may  be  computed  from^the  general 
doctrines  of  dynamics' in  the  same  manner  as  we  computed 
the  motions  of  the  planets.  They  will  either  fall  in  the 
direction  of  gravity,  or  will  rise  in  the  opposite  direction, 
or  will  describe  a  curve  line  concave  toward  the  earth, 
which  will  be  an  ellipsis,  parabolic,  hyperbolic,  or  a  circle, 
according  as  the  velocity  and  direction  of  the  projection 
may  have  been  combined. 
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But,  in  the  greatest  projections  that  we  can  make,  the 
force  of  grayitj  is  so  nearly  the  same  in  every  point  of 
the  path,  that  we  may  suppose  it  to  be  accurately  so, 
without  any  sensible  error, ^were  it  ten  times  greater  than 
it  is.  Therefore  in  all  disquisitions  about  projectiles,  it 
would  be  useless  affectation  to  embarrass  ourselves  with 
the  variations.  None  of  our  projectiles  rise  a  mile  in  the 
air,  which  is  about  ^^^js  of  the  mean  radius  of  the  earth, 
aod  will  occasion  a  ^ii]pinution  of  gravity  nearly  equal  to 
I A  99  A  quantity  altogether  insignificant. 

For  the  same  reasons,  although  the  directions  of  gravity 
in  the  different  points  of  the  projectile''s  flight,  are  lines 
converging  nearly  to  the  centre  of  the  earth,  we  may  con** 
sider  them  as  all  parallel,  because  none  of  our  projectiles 
fly  foar  miles,  which -produces  a  convergeney  of  nearly  four 
minutes,  a  deviation  from  parallelism  which  needs  not  be 
regarded^ 

f  In  g^ner^l,  tfep^-jeffire,  VP  »ay  coRaiiJer  a|l  8Hp)i  pr<{jpc- 
4ilps  ^s  ufldpr  tl^  iftflt^^ce  pf  eqw^l  p-^yity  acting  in  liffpg 
pwallel  to  th^  i^eptipal  or  p)Bft)Miqe  ixm,^  t^rpngji  tj^p 
pla^e  of  projection.  Thip  ^educes  t^e  t^hepry  of  prqjec^i|e^ 
P>  #  gr?%t  tjpgree  of  gimplicity. 

-  Acpqrdingly,  W\\^  \^  tlie  fif st  d^pflrtniiBnt  of  mep))anjp«l 
f^hilo$ppl?y  whiph  fir^t  r^Pi^pd  joiprpvpm^nt  by  the  ^ppli- 
c^tipp  pf  mgtljpip^ticfil  Itapwledife.  We  ^T^  in4pbted  for 
this  fortunate  introduction  of  matl^ijiatjpf  into  tl)e  dqo- 
ifipes  of  motion,  fp  thp  peljebr^tpd  flpfentm^  Galileo 
G/>liteJ.  This  e^ceflj^pt  pjiilo^pphef  r^ad  hjs  flisppufjies  on 
JlopflJ  motipn,  a^pul;  i\}p  bjeginfting  of  \\^^  \  7th  century, 
Tbpgp  Ipctnres  cpn^n  the  wfepje  pf  \hiH  doptrin^,  p^^fly 
iO  tj^p  state  ip  If  I)ic|)  it  cpptinued  til}  ^u|;  the  imiddit^  pf 
)f^t  cep^ury.  There  is  po  l^rpnph  of  patpr^l  philosophy 
th^t  ha4  ipet  wjtl)  sp  pEipclj  a$sJ3t§nc^  and  epcpur^gepiepjt, 
)^  havipg  beep  considered  ip  §11  nations  §3  the  fopnjd^iop 
jpf  the  art  of  gfjpnery ;  ^n  »Ft  uafprtunatjely  too  njnch 
connected  with  the  security  of  ^yefY  natiji).    Jt  has  tl^ere- 
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fort  bfcn  iMlnmlted  by  prinoea  and  aaghtmtcfl'  mmt 
cosily  eitiiUiihineiils  koye  beea  made  for  iU  cidUTatum ; 
thft  matkaoMtidaiu  kaTe  occupied  themselfet  with  ki 
firoUeoMy  and  more  numeroas  and  expeoBiYe  Folmnaa 
have  bten  published .  on  this  thm  os  any  other  part  of 
Bwrhawical  philosophy.  Yet  there  is  aose  in  which  ao 
Jiltle  improvement  haa  been  niada.  Galileo^  lessoMs  con* 
lain  every  thin|[  that  haa  been  dona  in  a  adentifie  way, 
till  M.  Robins  io  1T46  gave  it  a  hrm  altagethev  naw. 

14»i4  We  shall  firat  considte  the  purpendieulaff  ascenta 
and  deaeents  of  heavy  hbdies ;  and  ha  the  next  pUee  thaur 
onmiUneal  notion  when  pm^tad  ha  diveedona  deviating 
^mwi  the  vertical; 

148;  The  motion  ol  n  falling  body  is  uniibrmly  aecele* 
rated^  and  that  of  a  haij  thrown  straight  npward,  ia  uni» 
fiirinly  retarded 

for  the  aooeleratillg  or  reiatding  Cbrc^  ia  eonstaot,  and 
iherefcie  the  aaotiona  are  such  as  were  eonsidered  in 
octklaa  8(K  be. 

143.  AH  the  eharacteristid-phenomena  of  these  motion^ 
hnving  dready  b^n  sufficiently  considered,  all  that  ia 
wranted  for  the  application  ta  this  daaa  of  inechanieal  phe« 
nofnwMi.  is  merely  one  eaqperimental  determination  of  tha 
accelerative  power  of  gravity^  that  ia>  the  velodty^  otf 
ineremeni  of  velocity  wiiich  gravity  wiH  generate  in  a ' 
body  hf  acting  on  it  uniformly  during  some  given  time* 
GaUleov  who  first  deuonatmted  that  an  invariable  gravity 
Wiuat  produce  a  uniformly  accelerated  motion»  was  also 
among  the  first  who  appealed  to  experiment  in  all  in* 
quiries^  We  now  thinh  Ught^  of  thia,  and  wonder  that  a 
maA  shaU  think  of  another  argument  who  has  this  in  his 
pnweK.  But  when  Galileo  began  to  communicate  his 
knnwladge  to  the  worlds  thia  was  the  last  support  that  a 
philosopher  would  think  of.  They  had  rec^ved  a  parcel  of 
tapifls  from  their  master^  which  had  been  handed  down  in 
the  schoob  during  nunj^agea;  and  from  these  waa  everv 
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thing  ao^ounfed  for  or  explained.  Aristotle,  or  his  imme- 
diate pupils,  had  said  that  the  velocities  of  falling  bodies  in* 
creased  with  their  weights ;  Galileo^s  doctrine  was  incom- 
patible with  this,  and  he  thought  himself  obliged  to  use 
arguments  in  his  support.  He  said  that  if  Aristotle^s 
doctrine  be  tnie^  two  crown  pieces  must  fall  faster  when 
sticking  together  than  when  unconnected,  which,  said  he^ 
is  contrary  to  common  experience.  Not  doubting  that  he 
had  convmced  his  audience,  he  described  the  experiments 
which  he  was  to  exhibit  next  day,  shewing  that  in  a  double 
time,  a  body  would  fall  four  timefe  as  far,  &e.  The  expe» 
riments  were  performed  in  the  dome  of  .the  great  churchy 
before  a  vast  concourse  of  people,  and  succeeded  most  per<^ 
fectly.  Yet  so  little  were  the  philosophers  moved  by  this 
kind  of  argument,  that  they  represented  Galileo  as  a  dan^ 
gerous  person,  unfriendly  to  the  state,  and  he  was  obliged 
to  leave  his  native  city  in  a  few  days,  and  take  shelter  in 
Padua.  It  is  very  remariiable  that  Baliani,  one  of  th^ 
first  geometers  and  mathematicians  of  that  age,  and  who 
perfectly  understood  Galileo^s  speculations  on  this  subject, 
should  teach  another  doctrine,  reviving,  or  supporting  an 
old  scholastic  assertion  that  the  velocity  of  a  failing  body 
might  be  as  the  space  fallen  through,  calling  this  motion 
also  a  uniformly  accelerated  motion. 

144.  Galileo  found  more  difficulty  than  one  should  ex^ 
pect  in  his  endeavours  to  obtain  an  exact  measure  of  the 
power  of  gravity,  and  indeed  could  not  obtain  one  that 
was  satisfactcn^y.  But  the  dt^culty  of  the  task,  and  his 
struggle  to  accomplish  it,  were  big  with  advantages  to 
science.  A  body  falls  so  fast,  that  a  considerable  error  in 
the  conclusion  arises  from  a  very  small  error  in  estimat- 
ing the  time ;  and  the  great  difficulty  was  how  to  esti- 
mate the  time.  It  was  in  this  casting  about  for  a  mea*. 
sure  of  a  small  portion  of  time  that  Galileo  first  thought 
of  the  pendulum.  His  penetrating  and  sagacious  mind 
enabled  him  to  see  that  there  must  be  a  fixed  proporti6ii 
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between  the  time  of  a  vibration  and  that  Of  falling 
through  its  length,  although  his  mathematical  knowledge 
did  ttot  yet  enable  him  to  find  it  out ;  he  saw-  an  imme- 
diate consequence  of  thit  if  true,  namely,  that  the  vibra^ 
tions  of  two  pendulums  should  be  in  the  subduplicate  ra«- 
tio  of  the  lengths,  because  this  niust  be  the  proportions 
of  Ihe  times  of  falling  through  those  lengths  (55.)  This 
he  would  try ;  and  he  found  that  it  was  so:  Delighted 
with  this  success,  he  immediately  compared  the  time  of 
falling  from  the  top  of  the  great  dome  with  that  of  a 
pendulous  vibration,  by  making  a  pendulum  of  such  a 
length  that  it  peformed  precisely  one  vibration  in  the  time 
of  the  fall.  ^  In  this  time,  the  body,  moving  with  the  final 
velocity,  would  describe  a  spaCe  double  of  that  fallen 
through.  He  then  counted  with  patience  the  number  of 
vibrations  made  by  his  pendulum  in  an  interval  of  time, 
measured  by  the  tmnsit  of  two  stars.  Thus  he  obtained 
the  time,  and  the  velodity  generated  in  that  time  by  the 
uniform  aetion  of  gravity.  Galileo  made  thi»  to  be. about 
SI  feet  of  oiir  measure  in  a  second,  and  said  that  it  was 
certainly  somewhat  more;  because  his  experiments  on 
falling  bodies  Convinced  him  that  their  motion  is  retarded 
by  the  air. 

. '  These  efforts  and  resoiirces  of  an  ingenious  mind  are 
wcHTthy  of  record,  and  are  instructive,  to  others.  But 
Galileo  did  not  attain  the  accuracy  in  this  measure  that 
we  now  possess.  The  honour  of  the  accurate  statement 
of  the  time  of  a  pendulqi^^  oscillatioii,  and  that  of.  the 
&1I  through  its  lei^th,  was  reserved  for  Mr  Huyghens^ 
This  proportion  was  determined  by  him  by  a  most  in- 
genious and  elegant  physico»mathematical  process.  He 
abd  gave  uk  the  pendulum  clock,  by  which  time  can  be 
measured  with  as/  much  accuracy  as  a  line  can  be  di- 
tided. 

'Aided  liy  these  inventions,  we  have  now  obtained  the 
most  precise  measure  of  the  accderattng  powers  of  gn^ 


vity ;  ai)d  W0  c$ii  now  say  th^t  lU  istewty  is  f^h  in 
the  latitude  of  London*  that  by  aetii^g  uniformly  oa  n 
body  for  one  seoood  of  time,  it  genarata*.  in  it  the  ycIkh 
eity  of  92  feet  two  inches  per  aficond»  and  a  h^vy  body 
fiilU  16  feet  one  inch  in  that  fcinso. 

These  are  standard  numbers,  of  continual  usf  in  all 
mechanical  discussions,  and  should  be  carefully  kepi  in 
.remembrance.  Not  only  so,  but  we  should  acquire  diat 
tinct  notions  of  them  in  thia  respect,  via.  as  standard 
numbers.  Grayity  b  known  to  us  in  two  ways;  out 
most  familiar  acquaintance  with  it  is  as  a  pressure,  which 
we  feel  when  we  carry  a  heavy  body.  With  this  we  can 
compare  the  pressure  of  a  spring,  the  exertion  of  an  ani« 
mal,  the  pressure  of  a  stream  of  water  or  wind,  the  in* 
tensity  of  an  attraction « 8cc.  by  setting  them  in  oppoaitim 
And  equilibrium.  The  philosophec,  and  especially  the 
physical  astronomer^  nnd  cultivator  of  the  Newtonian 
philosophy,  is  well  acquainted  with  gravity  as  an  aocete^ 
rating  and  a  moving  force,  capable  of  accelerating,  re# 
tardiog,  or  defieoting  the  body  in  which  it  inheres,  or  on 
whose  intimate  particles  it  nets  without  inlennedinnu 
He  can  compare  the  gravity  of  a  stone  with  that  of  the 
moon,  or  of  Jupiter,  or  with  the  force  that  produoea  tiie 
precession  of  the  equinoxes.  The  genepal  mechanioian^ 
observing  that  all  other  pressures,  such  as  that  of  a 
spring,  of  an  animal^  be.  Are  also  mating  Eoroes,  by  coDfr- 
bining  those  two  aspects  of  gravity,  makes  a  mosi  iB»> 
portent  use  of  it  by  compariik  other  forces  with  wei^ts, 
and  thence  inferring  the  motions  which  those  forces  wiH 
produce.  Thus,  knowing  that  an  arrow  j  on.  weight,  by 
falling  1ft  inches  acquires  the  veloQity  of  10^  fiset  per  s^ 
cond,  he  infers,  that  when  drawn  to  the  head  by  a  bow 
of  62  poimds,  it  will  be  disehaiKed  with  the  valoeity  of 
233  feet  per  second. 

We  shall  therefore,  in  future,  compare  avs^  foree  with 
gruvity,  and  express  the  ateeleraUve  pawer  of  thit 


dftrd  hf3i,  menning  that  hj  actiiig  on  eir^rf  ]!mttide  of 
a  body  for  a  second,  it  will  generate  the  velocity  of  38 
feet  per  ^cond,  afid  taiise  the  body  to  describe  16  feet 
with  a  motion  uniformly  Accelerated.  We  may  find  it 
convenient,  on  some  occasions,  to  use  the  numbers  386, 
and  193,  which  are  the  Inches  in  ^2^^  ind  16^^,  feet. 

145.  The  questions  that  interest  us  at  present  are  those 
concerning  the  relations  between  the  time,  f,  of  any  fall, 
the  height,  A,  of  that  fall,  and  the  velocity,  v,  that  is  uni- 
formly acquired  in  falling;  so  that  when  any  one  of  those 
IkiAgi  is  given,  the  others  may  be  found  out. 

I.  Since  the  variations  of  velocity  are  proportional  tor 
the  times  in  which  they  are  produced,  we  have 

1';  r  =  32:  38  r 
andt/  =  32r 


and  r  =  -£ 
38 


N.  B.  The  time  t  is  always  supposed  to  be  a  number 
of  seconds,  and  the  height  A  a  number  of  feet,  and  the 
^ocity  V  a  number  of  feet  unifbrmly  moved  over  in  one 
second. 

A  falling  body  therefore  acquires  an  increment  of  32 
feet  per  second  in  every  second  of  its  fall^  and  an  ascend- 
ing body  has  its  velocity  lessened  as  mnch  during  every 
second  of  its  rise,  A  body  fallmg  during  four  seconds 
acquires  the  velocity  of  188  feet  per  second. 

But  if  the  body  has  been  projected  downward,  with  the 
velocity  of  100  feet  per  second,  then,  at  the  end  of  4",  it 
is  moving  at  the  rate  of  888  feet  per  second. 

A  body  projected  straight  upwards  with  the  velocity  of 
160  feet  per  second,  will  at  the  end  of  the  first  second  of 
tts  rise,  have  the  velocity  128.  At  the  end  of  8"'  it  will 
be  moving  al  the  rate  of  96  feet  per  second.  Its  velocity 
lit  the  end  of  the  third  second  will  be  64.  At  the  end  of 
the  foorth  second  it  wall  be  38,  and  at  the  tad  of  fiv^ 
seconds  it  will  stop^  mad  begin  to  fiill. 
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Tbe  tixoea  of  the  rise  and  the,  subsequent  fall  ane 
equal. 

.146.    II. '  Smce  the  heights  ar^  as   the  squares  of 
the  times  of  th^  fall  or  ascent,  we  h(ivct 

r;  r«  =  l6  :l6t9 
and^  =  16|«  an4  Vh  =  ^t 

also  <«  =  r^,  and  t  =  -j-. 

A  heayj  body,  falling  duruig  four  seconds,  falk  2SS. 
feet 

A  bod  J  rjsini^  straight  upwards  li4  feet  emplpys  3. 
seconds  in  its  ascent    . 

147.^  III.  Because  the  heights  fallen  thrpugh  are  al^ 
proportional  to  the  squfires  of  the  velocities  acquired  at 
the  end  of  the  fail,  we  hayet 
32«  :  tj«  =  16 :  4 

fnd  A  =  q35  r%  and  y^A  =  g^  »,  =  -g^ 


and,  conversely,  t?  =r  8  v^A,  and  ds  =  64  /i^ 

148.  All  questions  concerning  the  perpendicular  ascent^ 
and  descents  of  heavj  bodies  may  be  solved  by  means  of 
the  t^o  equations 

An  easy  mode  of  extempore  computations  is  had,  by 
remarking  that  since  a  heavy  body  falls  16  feet  in  a 
«econd,  and  acquires  the  velocity  SS,  it  falls  1  foot  in  ^th 
of  a  secoi^d,  and  acquires  the  velocity  D. 

Ii)  every  second  of  the  fall,  the  velocity  is  increased  By 
33 — and  in  every  foot  of  the  fall»  the  square  of  the  veloci- 
ty is  increased  by  64. 

In  ma^iy  questions,  particularly  in  hydraulics,  it  is  con- 
veniept  to  have  the  measures  in  inches. 

149.  Now,  t/T93:  }/T—  386 :  27,786.  Therefore  a 
heavy  body  by  falling  one  inch  acquires  the  velocity 
27,785  inches,  or  nearly  27f  inches  per  second. 
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ISO.  Did  gravity  impel  a  body  uniformly  along  a  space 
equal  to  the  radius  of  the  earth,  it  would  generate  the  re^ 
locity,  which  would  enable  the  body  to  describe  a  para* 
hola,  having  the  centre  of  the  earth  for  its  focus.  If  pro- 
jected straight  upwards  with  this  velocity,  it  would  never 
return. 

,  161.    Now  |/"I6T  v/  Earth's  rad.  =  32  :  36,680  feet 
This  is  the  velocity  now  spoken  of.     Suppose  the  earth 
uniformly  dense,  and  a  pit  to  the  centre.    A  heavy  body 
would  acquire,  by  falling  down  this    pit    the  velocity 
95,866.    Greater  velocities  than  either  of  these  can  be 
produced  by  forces  which  we  know,    Aurum  ftdndnans 
expands  with  the  velocity  of  at  least'  42  miles  per  second. 
It  does  npt  seem  necessary  to  insist  further  on  the  rec* 
tilineal  ascents  and  descent^  of  heavy  bodies,  and  there- 
fore we  proceed  to  consider  their  curvilineal  motions, 
when  projected  in  any  direction  that  deviates  from  the 
perpendicular.     These  are  the  motions  which  are  under- 
stood to  form  what  is  called  projectiles. 
.    152.  These  motions  are  not  only  interesting  to  the 
philosophical  mechanist,  as  examples  of  a  constant  de- 
flecting force,  and  a  uniform  deflection  in  parallel  lines, 
but  also  to  the  artillerist ;  because  the  motion  of  shot  and 
shells  are  cases  of  this  question,  which  comprehend  the 
whole  of  his  art     It  has  therefore  been  very  much  cuUi- 
.vated ;  and  there  is  no  branch  of  mechanical  philosophy 
on  which  so  much  has  been  written,  or  so  many  experi- 
inents  made  for  its  improvement    The  experimental  cul- 
tivation of  this  branch  could  scarcely  be  prosecuted  by 
private  persons ;  huU  in  all  the  states  of  Europe,  there 
are  public  establishments  for  this  purpose,  and  no  expence 
has  been  spared  for  bringing  to  perfection  an  art  in  which 
the  fate  of  nations  has  unfortunately  much  dependence. 
.     But,  notwithstanding  this  liberal  encouragement,  and 
the  numberless  volumes  which  have  been  published  on  the 
subjecit,  it  cannot  be  said  to  have  improved  much  as  a 
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sdenoe  tinee  it  cane  o«t  of  tbe  baiulfl  of  its  In v^ntor,  ud 
his  tmaieduite  pupil  Tartaglia ;  and  we  thall  be  greatlj 
diaappointed  if  ire  look  for  that  aice  agreettieiit  between 
the  results  of  the  mo9t  approfed  theory  and  what  we  ob- 
serve in  tbe  flight  of  great  shot  and  8hel)|.  Tbe  theory, 
however,  is  unexceptionable;  and  the  enormoiis  deyie* 
tioDs  that  wo  see  in  the  actual  performance  of  aitilleryt 
is  owing  to  tbe  resistance  of  the  air.  This  was  long  eon* 
siderad  as  insignificant,  even  after  Newton  had  given  i» 
saffident  iaforiAation  to  the  contrary.  But  the  gentlenieii 
of  tbe  ppofeasiqii  made  littte  account  of  the  specolatioiMi 
of  a  private  philosopher,  and  continued  to  regulate  their 
theories  by  notions  of  their  own.  They  have  been  at 
last  convinced  of  their  mistake  by  the  curious  experiments 
and  discoveries  of  Mr  Robins,  and  are  improving  tbenr 
practice  in  some  measure.  But  we  now  find,  that  the 
theory  of  the  motion  of  heavy  bodies  through  a  Desisti«|[ 
fluid,  is  one  of  the  most  abstruse  and  difficult  tasks  thai 
the  mechanician  can  take  in  iiand. 

At  preient,  we  are  about  to  consider  this  subject  mere; 
ly  as  a  particular  case  of  motions  regulated  by  gravitat 
tion,  reserving  the  particular  consideration  of  the  modi» 
ficatiotts  of  tliese  motions  by  tbe  reshtance  of  tbe  air,  tiU 
we  shall  have  made  ourselves  acquainted  with  the  general 
laws  of  such  resistance. 

153.  Let  a  body  (Plate  II.  fig.  1.)  be  prpjected  in  any  di» 
rection  AB,  which  deviates  from  the  vertical  AW,  Tben  it 
would  move  on  in  ^his  direction,  and  in  equal  succeeding 
moments  would  describe  the  equal  spaces  AB,  BH,  HI^ 
IK,  K  \aj  be.  But  suppose,  that  when  tbe  body  is  at  B  it 
receives  an  instantaneous  impulse  in  the  direction  of  the 
vertical  BB',  such  that  by  this  impulse  it  would  describe 
the  line  B  b  uniformly  in  the  same  time  tbat  it  would  have 
continued  its  motion  along  BH.  Or^  to  spea^  more  acr 
curately,  let  the  motion  or  velocity  B  &  be  oompovnded 
with  the  motion  BH.    The  body  must  describe  (he  dii^ 
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gMii  BC  of  i  pvralieiogram  Bh  CIf»  and,  tt  tli«  end  ^ 
tifift  Mooad  fliDfli^fit,  it  mtttt  be  te  C,  in  Uit  nrtfctl  line 
HCC,  mid  moffing  wiih  the  vekeMy  BC.  Therefoiv,  ita 
the  third  moment  it  would  dettrfbe  CN,  equal  to  BC. 
B«t  let  another  impulse  in  the  ttireeticin  of  theTerticel 
CC  generate  fhe  ^loeitj  0  Cy  equal  to  B  A.  -  By  the  coai^ 
position  of  tbii  with  the  motion  CN,  the  tedy  wiU  de- 
scribe tiw  diagdnal  CD  of  the  pomlleiograiti  C  a  DN,  «n4 
at  the  end  of  the  thinl  moaaent  antst  be  in  D,  mo>iring  in 
the  direetion  and  with  the  Tielodty  CD.  It  wonid  deKcribe 
DO  equal  to  CD  in  the  fouith  momeut.  Another  impuhe 
of  gravity  D  4,  in  the  T^rCka],  nirf  equal  to  either  of  Iba 
former  impulses*  wiH  make  the  body  describe  DE ;  ami 
4n  equnl  impulse  E  t  wilt  deflect  tlie  body  into  EF ;  and 
another  impulse  F/  will  deflect  ft  into  FO5  flte. 

Thus  it  is  plain  that  the  body^  by  the  eomposition  of 
these  equi^l  and  parallel  impulses,  will  describe  the  poly* 
gonal  fijgnre  ABCDEFGj  all  in  one  vertical  piiuie,  and 
in  every  instant  or  point,  such  as  fi,  will  be  found  fa| 
the  vertical  line  KE,  drawn  from  the  point  At  which  it 
wouU  have  arrived  in  tba|  ipslaat  by  the  priaiitive  pro* 
jeetion. 

Now,  let  the  interval  betw^een  tbeae  impulses  be  din& 
fiiahed,  and  ()ieir  number  be  increased,  without  end*  It 
is  evideet  that  this  polygonal  motion  will  ultimaiely  oo* 
iacide  with  the  motion  in  a  path  of  coatiaued  oarvation) 
by  the  continual  afid  unvaried  action  of  gravity. 

Tira  line  described  by  the  body  has  evidently  the  foU 
lowing  properties. 

154.  IsT.  If  a  number  of  equidi«taiit  tertical  lines  BB'; 
HCC%  IDD",  KEE',  fcc.  be  drawn,  cutting  tfie  curve 
in  B,  C,  D,  £,  tic. ;  and  if  the  chords  AB,  BC,  CD,  DE» 
Ire.  drawn  through  the  points  of  intersection,  be  prod 
ed  tiU  they  cat  the  verticals  in  H,  N,  O,  F,  &e.  the  i 
leitreptcd  portions  H€,  ND,  OB,  PF,  Sre.  are  aH  equal. 

IftS.  fU.  Hie  carve  is  a  parabola^  in  which  the  verticals 
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iBB',  CC\  &c.  are  diameters.  The  property' mentidned 
in  the  last  paragraph  belongs  exclusiveijr  to  the  parabola. 
As  the  circle  is  the  curve  of  uniform  deflection  in  the  di- 
rection of  the  radius,  so  the  parabola  is  the  curve  of  uni- 
form deflection  in  the  direction  of  the  diameter.  That 
the  curve  in  which  the  chords  drawn  through  the  inter- 
section of  equidistant  verticals  cut  off  equal  portions  of 
these  verticak  is  a  parabola,  is  easil  j  proved  in  a  variety  of 
tFays.  Since  B  &,  C  c»  D «!,  E  «,  are  all  equal,  and  the  ver- 
ticals are  equidistant,  BcdB  must  be  a  straight  line.  So 
mustCdeF;  BE  must  be  parallel  to  CD,  and  CF  to 
DE.  Therefore  BF  and  CE  are  parallel,  and  are  bisected 
in  m  an^  o  by  the  vertical  DIK.  Also,  if  FC  be  produced 
till  it  meet  the  next  vertical  in  i,  i  B  is  equal  to  I>  m.  AU 
this  is  very  plain.    Hence 

tB,  orDiii:d|}i=sBF:ii|F,=:mF:QE; 
but        4  9ii:D<i=  mFioE; 

therefore  Dm  s  Do  =  m  F^ :  oE^ ; 

and  D9  E,  F,  are  in  a  parabola,  of  which  D  m  is  a  di»« 
meter,  and  0  E,  tn  F  are  semiordioates.  We  should  prove, 
in  the  same  manner,  that  BG  is  parallel  to  CF,  and  AG 
to  BF,  and  Dm:  DD'  =  m  F^ :  I^Gs,  and  the  points 
D,  F,  G,  in  the  same  parabola. 

156.  Thus  we  have  demonstrated,  that  the  equal  and 
parallel  impulse  of  gravity  produces  a  motion  in  a  para- 

~  bola  whose  diameters  are  perpendicular  to  the  horison. 
This  was  the  great  discoyery  of  Galileo,  and  the  finest 
example  of  his  genius.  His  discoveries  in  the  heavens 
have  indeed  attracted  more  notice,  and  he  is  oftener  spo* 
)^en  of  as  the  first  person  who  shewed  the  mountains  in 
the  moon,  the  phases  of  Venus,  the  satellites  of  Jupiter, 
be.  But  in  all  these  he  was  obliged  to  his  telescope ;  and 
another  person  who  had  common  curiosity  woiild  have 
Been  the  same  things.  But,  in  the  present  discovery, 
every  step  was  an  effort  of  judgment  and  reasoning,  and 
the  whole  investigation  was  altogether  no?eL  No  attempt 
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kad  been  made^ '  since  the  fiist  dawn  of  mechanical  sci- 
ence, .to  explain  a  cunrilineal  motion  of  any  kind ;  and 
eren  the  law  of  the  composition  of  mqtion,  tbough  faintly 
seen  by  the  ancients,  had  never  been  applied  to  any  use 
(es^qept  by  Stevinus)  fill  this,  sagacioqs  philosopher  saw- 
its  immense  importance,  and-  biroug^t  it  uito.  (constant 
senrice. 

157.  The  prpcess  employed  by  Galileo  in  this  inrestigation, 
and  which  has  been  copied  by  almost  all  the  writers  pn 
the  subject,  is  considerably .  different  from  the  one  now 
gone  through.  ..  Galileo  supposes  the  heavy  body  to  falliq. 
the  vertical  BB^  wit)i  a  uniformly  accelerated  motion,  de- 
scribing spaces  as  the  squares  of  the  times.  He  supposes 
this  motion  to  be  compounded  with  the  uniform  motion 
in  the  directiop  of  the  tangent  BR.  Then,  supposing 
that  B  t  and  BT  are  faliep  through  while  B  r  a|id  BR  are 
described  by  the  motion  of  projeption,  it  follows,  that  bcr 
cause  Br  is  to  BR  as  the  time  of  describing  Br  to  the 
time  of  describing  BR,  we  shall  have  Bt :  BT=r  B  r* :  BR^ 
Therefore,,  completing  the  parallelograins  B  ^  C  r,  BT8R^ 
we  have  B  t :  BT  ==  t  C  :  TS,  and  the  points  B,  C,  S, 
are  in  a  parabola,  whose  diamet^  is  BT,  ^nd  has  BR  ^ 
tangent  in  B^ 

^0  doubt,  the  result  of  these  suppositions  agrees  per« 
feptly  with  th^  phenomena,  and  gives  a  veiy  easy  and 
elegant  solution  of  the  qu^tion.  But,  in  the  first  place, 
it  is  more  difficult,  or  takes  more  discourse,  to  prove  this 
continued  composition  of  motion  (almost  peculii^r  to  the 
case)  than  to  demonstrate  the  parabolic  figure :  and,  se-* 
condly,  it  is  not  a  just  narration  of  the  fact  of  the  proce- 
dure of  nature.  There  is  no  composition  of  such  motions 
as  are  here  si^pposed.  When  the  body  is  at  C,  there  is 
not  a  motion  in  the  direction  parallel  to  Br,  comppundr 
ing  itself  with  a  motion  in  the  vertical,  having  the  yelot 
city  which  the  falling  body  would  have  as  it  passes 
through  the  point  L    The  body  is  really  moving  in  the 
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direcdoii  CS  iff  tlk«  ttfigent  to  tk^  piirtib6li»  Md  it  A^uft 
reteived  tht  sAiAe  hifinit^tnld  impuk^  of  gravity  tbat  it 
reeeired  at  B.  Its  d^eetion,  therefore,  fitmi  the  iitie  of 
its  motiofi,  does  hot  make  any  finite  angle  with  that  mo- 
tion. Therefore,  although  OaRleo^s  demonstration  doea 
very  well  for  a  mere  matiiematical  proeess,  like  the  navi* 
gators  calculation  of  the  ship^s  place  by  tables  of  difRl*^ 
ence  Of  latitude  and  departure,  it  by  no  means  answers 
the  purpose  of  the  philosophical  investigation  of  a  natural 
phenomenon.  The  method  we  have  foHowed  is  a  bare 
narration  of  the  faets^^-considi^ng  the  motion  of  the 
body  in  every  instant  as  it  really  is,  and  stating  the  fort^ 
then  really  affeethig  its  motion. 

We  have  not  scrupled  to  make  use  of  the  method  em« 
ployed  by  Newton  in  the  demonstration  of  his  funda« 
mental  proposition  on  curvUineat  motions,  first  conceiv- 
ing the  action  of  gravity  to  be  subsultory,  and  the  motion 
to  be  polygonal,  and  then  inferring  a  similar  result  firom 
the  uninterrupted  action  of  gravity.  But  if  any  person 
is  so  fastidious  as  to  object  to  this,  (as  John  Bernoulli 
has  done  to  Newton'^s  method,)  he  may  remark,  that  thtf 
motion  B  b  which  we^  compared  with  BH,  in  order  to 
produce  the  motion  BC,  is  just  double  of  the  space  B  t, 
through  which  the  body  falls  during  the  motion  along 
BH.  Therefore  the  figure  wit!  be  such  that  the  curvi* 
lineal  deflection  wi!)  be  one  half  of  B  ft,  or  of  HC,  and 
the  tangent  to  the  curve,  whatever  it  is,  will  bisect  HC. 
Then,  during  the  next  moment,  since  the  deflective  ao^ 
tion  of  gravity  is  supposed  the  same,  the  body  will  be  as 
much  deflected  from  its  path  in  C,  that  is,  from  the  new 
tangent  CS,  whatever  direction  that  tangent  may  have, 
as  it  was  in  the  preceding  moment  This  ghrea  us  «  D 
equal  to  r  C,  and  this  obtains  throughout  Without 
entering  on  any  discussion  on  the  progress  of  the  deflect* 
tion  in  the  diflWent  points  of  the  arch  BC  or  CD,  H  is 
enough  for  our  purpose  to  shew  tiiat  the  ciirre  deseribed 
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ia  nidi  thtt  whem  equidivtant  Torticala  are  tewn,  $flii 
tangtota  drawa  througb  their  iattraecikmi  wUh  the  €iicve^ 
tlie  partiaaa  of  tbc  verticals  cut  off  hj  the  taQgante  ^^ 
eT«ry  where  equal.  Thia  aba  is  a  property  of  the  paxi^ 
bola  axclasiTtty.  That  BCD  U  a  parabola^  of  wUcb  BT 
la  a  diamaler,  and  BR  a  tai^gettt>  ia  aaailjr  men.  Fwi 
4v8iriag  On  parallal  to  BB»  it  it  {dain  that «  N  s^SI  r  C» 
aodNDssStD,  ssSrC.  Therefore  ol}:?:: 4 rC,  and 
Bii7=4Bi»aiulBl:BasseC'':Kb^  AadwoOMmtd 
prove,  in  the  same  manner,  that^  £  =:  9  r  C,  &c. 

Hariag  thas  ascertained  tha  gentral  oatura  oC  the  path 
off  a  prcjeclila»  wa  nwist  naw  cxawiao  ita  molioda  in  tUt 
path«  datormiiii^g  its  Telocity  in  the  diffenmt  poiAts*  aa4 
the  time  employed  in  the  description  of  tha  at cbo9.  Fav 
this  purpose  w«  oaasl  first  ascaitaiii  tha  pracisa  parabola 
dfesocihed  under  tha  ooaditiona  of  the  prq}fctiw»  that  ist 
dapending  on  its  direction  aod  valodty.  To  do  this  in  a 
way  naturally  cosa^ted  with  the  jacting  forces,  wa  shall 
aonsider  the  velocity  of  pn^aetion  as  having  bean  geaa* 
tated  bj  fslliag  througb  soaaa  detannlaata  haighi 

1A&  Jjti  ua  theieibiie ,  suppose  that  tha  body  ia  pro* 
jactad  fraas  B,  ioi  tha  direction  BB»  wU^  the  veioeity  aic^ 
quired  by  falling  Uiraogh  the  vertical  VB.  Make  BT 
equal  to  VB»  and  BB  equal  to  VT^r  2  YB,  asid,  lastly^ 
draw  TS  parallel  to  BB,  meeting  the.  parabola  is  & 

It  is  plain  that  BB  ia  tha  qiaca  wbiah.  would  be  wA- 
firmly  described  with  the  velocity  of  projectioa  la  tha 
lime  of  falliag  through  VB  Alaa  Bv  is  the  space 
that  would  be  unifisrmly  descrifaad,  with  the  mma  velsf 
dty^  in  the  time  of  falling  >roagh  B^  Themfore  BB 
is  to  B  r  as  the  tiipe  of  faUing  through  VB  to  that  of  bUt 
ing  through  9 1  Bx^  since  BT  ia  equal  to  VB^  B  r  is 
to  BB  m  tha  time  of  falliag  tbrmigh  Bfr  to  the  time  dl 
&Ming  through  BT^  Theralbm  BB  is  ta  B  r  as  the  tima 
of  falling  through  VB  to  that  of  falling  througb  Bl. 
^1^  since BTiaequalta^  VB>  Br  ia  to  9Baathatfaia 
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of  fallfng  through  B  t  to  the  tikne  of  falling  through  BT. 
Thei^ore  we  have  B  e  :  BT  =  B  r"*  :  BR<:  But,  in 
the  parabola^  we  have  Be :  BT  =r  i  C«  :  TS«,  =  Br« :  TS^ 
Thei^fore  TS  id  equal  to  BR  or  to  twice  VB  or  BT. 
Therefore  TS«  =  4  BTS  =  4  BT  x  BV,  =  BT  x  4  BV. 
But,  in  a  parabola;  the  square  of  any  ordinate  TS  is  equal 
to  the  rectangle  of  the  absciss  BT  and  the  parameter  of 
that  diameter.  Therefore  4  VB  is  the  parameter  of  the 
diameter  BT^  and  VB  is  the  fourth  part  of  that  para* 
meter.  • 

If, '  therefore,  the  horizontal  liiie  VZ  be  drawn,  it  is 
the  directrix  of  the  parabola  described  by  a  body  pro^^ 
jected  from  B  in  any  direction^  with  the  velocity  acquired 
by  falling  from  V. 

'  159.  Cor.  1.  Ai  ihii  is  true  fdr  any  other  pointy  C,  D, 
&c.  it  foUdws  that  the  velocity  in  any  point  of  the  path  is 
that  which  a  heavy  body  would  acquire  by  falling  from 
the  directrix  to  that  point. — N.  B.  This  agrees  with  the 
detennination  given  in  Art.  121.  in  the  most  gene* 
ral  terms,  for  curvitineal  motions  of  every  kind.  For 
it  is  well  known  that  the  equicurve  circle  passing  through 
the  vertex  of  any  diameter  of  a  parabola^  cuts  off  a  chord 
equal  to  its  parameter.  Now  this  is  evidently  the  de* 
flective  dhord  in  the  present  case,  because  the  diametei^ 
are  all  vertical  lines,  ih  the  direction  of  gravity.-  It  agrees 
equally  with  the  determination  given  in  Art.  122. 
'  160.  Cor,  2.  Hence  also  we  lefarn  that  .the  velocities  id 
any  two  points,  such  ak  B  and  D,  are  proportional  to  the 
portions  vy  and  D  £  of  the  tangents  through  those  points 
khicb  are  intercepted  by  the. same  diameters.  Thus,*  v^ 
is  a  portion  of  the  tangent  B^,  intercepted  by  the  diame^ 
ters  DD'  and  ££',  which  also  intercept  a  portion  of  the 
tangent  D  t  For  these  portions  of  tangentid  are  in  the 
siibdnplicate  ralto  of  the  lines  VB  and  ZD:  Now  the 
Velocities  acquired  by  falling  through  VB  and  ZD  are 
in  th'is  subduplicate.  ratio  of.  the  spaces  .fallen   through. 


PBOjrBCTXtES.  176 

161.  Such  is  the  Galilean  Theory  of  the  parabolic 
motion  of  projectiles,  a  doctrine  valuable  for  its  intrinsic 
excellence,  and  which  will  always  be  respectable  among 
philosophers,  as  the  first  example  of  a  problem  in  th# 
higher  department  of  Mechanical  Philosophy. 

We  are  now  to  consider  it  as  the  fdundatioft  of  the  art 
of  gunnery.  But  it  may  bis  affirmed,  iit  setting  out,  that 
the  theory  is  of  very  little  use  for  directing  the  practice! 
of  cannonading.  Here  it  is  necessafry  to  approach  as  near 
as  possible  to  the  object,  and  the  hvriy  of  service  allow^ 
no  time  for  geometrical  methods  of  pointing  the  piece 
after  each  discharge.  When  the  gun  is  withiri  SOO  yardtf 
of  the  object,  the  gunner  points  it  straight  on  it,  or  ra*: 
ther  a  little  above,  to  compensate  for  the  small  deflection 
which  obtains,  even  at  this  small  distance.  Sometimes 
the  piece  is  elevated  at  a  small  angle,  and  the  shot,  dis^ 
charged  with  a  very  moderate  velocity,  drops  on  the 
ground,  and  bounds  along,  destroying  the  enemy'^s  troops. 
But,  in  all  these  cases,  the  gunner  is  directed  entirely  by 
practice,  and  it  cannot  be  said  that  the  parabolic  theory 
is  of  any  service  to  him. 

Its  principal  u^e  is  for  directing  the  bombardier  in  the 
throwing  of  shells.  With  these  it  is  proposed  to  destroy 
liuildings,  to  break  through  the  roofs  of  magazines,-  to 
destiny  troops,  by  bursting  among  them,  &c.  Such  oS^ 
jects,  being  generally  under  cover  of  the  works  of  a  place, 
cannot  be  hit  by  a  direct  shot,  and  therefitf e  the  shells  are 
thrown  with  such  elevated  directions  that  they  get  over 
the  works,  and  produce  their  effect.  These  shells  are  of 
great  weighty  sometimes  exceeding  SOO  lb<  The  mortar 
Irom  whieh  they  are  discharged  must  be  exceedingly  strongs 
that  it  may  resist  the  explosion  of  the  powder  able  to  im- 
pel this  vast  mass  to  a  great  distance.  •  Tliey  are  there* 
fore  most  unwieldy,  and^  it  is  found  most  convenient  to 
have  them  almost  solid,  and  unchangeable  in  their  posi* 
tioui    The  shell  is  thrown  to  the  intended  distance  by  em-i 
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ploying  •  pcoper  qvaatitj  of  fiowdf r.  Tbls  U  tontui  in- 
cofl^uftUj  easier  tban  to  vary  the  d«TtttioA  of  tjt^  imt? 
tar*  We  ihM  aha  f  imU  tbaf;  when  a  proper  elevaliM  hag 
been  aeWdbsd*  ^  9maU  do^ialion  fitom  it,  uq  avoidable  Ui 
such  service*  ia  much  kesa  dc^imeiitdl  tbiia  if  a^otbi^ 
akv«tk>ii  had  boeft  ^bogaiu  Hprtairiw  thtrafore^  ai^  fre- 
fuentljr  ca^t  m  one  pieei^  wUh  tb^  bed  cv  carFi^ga^  b&^h- 
»i|P  an  eW^atioa  that  ia  not  far  ftoai  Wiog  tht  b«at  on  ai) 
«fdinaiy  oecaAioa^)  and  the  rasi  U  dom  bj  rep^tfd 
triab  with  dtfTeve^t  dvirgf >  of  powder* 

8t|llv  however,  in  tUa  pfaetioat  Ue.  parabolic  m»tu9« 
unit  be  underatood,  Uiat  tdbQ  boaobardiiav  m»j  e^aU  bin^ 
self  of  anj  ooratioiiel  durenmstanea  that  iq^y  ha  nf  adr 
itaAli^e  to  biitt^  We  sbaU  (her afor^  coneidec  the  chief 
pvoblaeM  that  thia  aftilli^rWt  hi^a  to  resolve,  bat  with  the 
utsaoat  brevity;  and  tho^  raadar  viU  loQa  9oe^  that  vyuff 
idiiuite  diaen$^iQn  would  be  of  yery  little  aerricaw 

Ifii,  Tlie  velaeiiy  of  pixyectieA  la  mea^iixed  by  the  (aU 
thai  19  noceasary  for  eo^nirUig  it^  It  baa  gc^ciraUy  bat n 
eaUed  tha  feree^  w  isAvarua ;  we  shall  distincMisb  it  bj 
the  symbol/  Thus,  in  Plate  II.  fig.  9,  S^  4^  l^A^iathe  h^ht 
thirovgb  wUcb  the  body  U  lupp^sed  to  fall*  m  erder  to 
eeqaifc^  the  velocity  vitb  whwrh  it  i$  projected  firom  A- 

Tbedi^tanoe  AB  batwe^e  the  pme  tf  cudMncaaidthf 
Qtiyeet^  13  calkd  the  ^w^twb^  and  also  tha  rov^^^r. 

IM  the  M^  SAB  contained  b^twe#»  the  ventjeal 
aa4  the  directiea  of  the  olfjefit  be  ealled  the  Aa(u$%  w  ih^ 
eiTieai,  5=|K 

And  let  the  angle  DAB  cmtninad  betw^an  tb»t  difM- 
tkn  and  the  axis  qf  the  pii^ei^  ba  aallefd  th4  divection  ef  tb^ 
tMrtar  Trdh  and  let  a  enpreaa  the  aenith  diatiaiife  ^v  englf 
EAD^  caataiMd  botirew  the asit  o{  th«.aaartar  ai4  thf 
vertical  Une  AE« 

The  leading  penbltm^  from  whkb  ^oat  ett  tJb«  othiM 
aay  be  derived^  ia  the  folkiwlnj^ 

i6a«  Let  aahelL  hft  tkovn.  &Mk  A  (igi  3, 4)^  trith<  the 
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fddbity  Feqxiifed  b^  fiiHing  tifarough  the  Tertidal  FA  so 
as  to  hit  an  object  B.  Required  the  diroctioa  AD  oF  the 
projecUdil. 

i^et  AH  be  a  KoHsonfed  Kne^  and  AS'  the  line  of  poaU 
tidn  of  the  object  hi  the  Tertioal  A<Fj  tid^e  AE  aci  AF^ 
and  OB  EA  de9crib«  an  arch  of  a  drcie  ED  d  A^, which  shUI 
touoh  the  line  of  pontbo'  AB;  Dravr  throuJB^h  the  objttet 
the  veitk»I  line  BB,  clittihg  the  circle  in  B  and  d^  and 
join  AB  and  Ad.  I  ftaji  that  AD  or  A4  are  the  direih 
tions  required:    Join  ED  and  EdL 

EoiV  heoauee  AB  touchea  the  cirtde  in  A>  the  tngle  ADE 
is  equal  to  the  exterior  angle  £A  a,  or  DBA,  and  the  altcr^ 
Bate:  angles  EAB,  ADB  areeqnal.  The  triangles  ADB 
eiAT  EADanithereforemmiler,  and  BE :  DA  s  DA :  A£^ 
and  BA^-^BBxEAi  lUiemfor^  B  ift  in  a  panbola» 
of  which  the  vertieal'  Al  is  a  diameter,  AD  a  tan« 
geiit  in  A,  and  Afi  tiie  pilratBete^  of  that  diafneter« 
If,  IheraAire;  the  bed/)  be  projected  from  A  in  the  difeiv 
tion  ADj  wiUi  the-  v^loeitj  iicquired  bj  falling  through 
FA,  the  fourth  part  of  this  {Mtraflieter,  it  will  dcseribfe  a 
parabola  AVB  which  passes  through  B» 

Bjr  the  same  reaanning,  it  if  demonstrated*  that  the 
body  iKrill  hit  the  tn^  B^  if  projc^ed  in  the  direoUon 
A  d  wtih  the  same  nvtooitj^,  describing  the  plajrabola  A  i»  Bi 

Frbm  this  very  simple  construction,  we  may  draw,  iflk 
vera]  very  instructive  corollaries. 

1441  Cbr.  h  When  the  v^tical  line  passing  throu|fb  B 
euts  the  circle  EDA,  it  always  cuts  it  in  two^p^ints  D  and 
d,  giving  two  directions  AD  and  A  4»  either  of  which  will 
solve  th^  problem. 

C^.  2!  But  if  the  vertical  through  b  only  tonch  the 
circle,  as*  it  touches  it  in  oiie  point  only»  it  gives  bot  on^ 
direction,  along  which  the  body  must  be  projected  to  hil 
the  mark  6.    This  direction  is  AG. 

166,  Cor.  a  The  direction  AG  evidently  bisects  the 
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jMigle  EABy  and  the  directioiia  AD  and  A  d  are  equidutanl 
from  the  middle  direction  AG. 

166.  Cpr.  4.  If  the  vertical  passing  through  B  do  not 
meet  the  circle  described  on  AE,  according  to  the  condi- 
tions specified,  the  object  is  too  remote  to  be  struck  by 
a  bodjr  projected  from  A  with  the  velocity  acquired  by 
fidling  from  F.  There  is  no  direction  that  will  enable  it 
to  go  so  far  on  the  line  AB.  The  distance  A  A  is  the 
greatest  possible  with  this  velocity,  and  it  is  attained  by 
taking  the  elevation  AG  which  bisects  the  angle  £AB« 
We  may  therefore  call  Ab  the  wuiximum  range  on  the 
line  AB,  and  AG  the  middle  direction. 
*  167.  Car.  6.  The  distances  on  a  given  line  of  position 
to  which  a  body  will  be  projected  in  a  given  direction  AD, 
are  proportional  to  the  squares  of  the  velocities  of  projec- 
tion. For  the  figure  being  similar,  the  range  AB  has  the 
fame  proportion  to  AF,  the  fail  necessary  for  acquiring  the 
▼doeity*  Now  the  falls  are  in  the  duplicate  ratio  of  the 
▼elocities  required  by  falling.  Therefore,  &c. 
.  The  converse  of  this  problem  is  solved  with  the  same 
facility  of  construction. 

168.  Let  a  body  be  projected  in  the  direction  AD, 
with  the  velocity  acquired  by  falling  through  FA,  it  is  re* 
quired  to  find  to  what  distance  it  will  reach  on  the  line 
AB. 

Describe,  as  before,  on  AE,  =:  4  AF,  the  circle  EDA^ 
touching  AB,  and  cutting  AD  in  D.  Through  D  draw 
the  vertical  DB,  cutting  AB  in  B.  Then  B  is  the  point 
to  which  the  projectile  will  reach.  The  proof  is  too  evi- 
dent to  need  discussion. 

'  Lastly,  suppose  the  object  B  to  be  given,  and  also  the 
line  of  direction  AD  (which  is  a  very  common  case,  see- 
ing that  our  mortars  are  often  so  fixed  in  their  beds  that 
their  elevation  can  be  very  little  altered)  it  is  required  to 
determine  the  velocity  that  must  be  given  to  the  projec- 
tile. 
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Dnm  tlih>ttg&  ih^  ^^H^ec/t  the  ▼ertical  BI^  meeting  the 
direction  in  D.  Draw  the  tertieal  AE,  ^nd  make  it  a 
third  tiroporttonal  to  DB  Iknd  DA;  that  i^  make  AE  = 

^,  ahd  Uke  FA  =^.    Then  FA  is  the  fall  which 

will  generate  the  velocity  required  for  th^  projection. 
The  demonstration  of  this  is  alsO  t^  eridelit. 

1 69;  Notwithsttading  the  great  liimplicity  of  the  con- 
iktmction  of  these  problem^,  we  calmbt  obtain  numerical 
solution^  for  practice  with  e^Ual  simplicit^^  except  when' 
the  line  of  position  is  hbri^otttal^  as  in  fig.  8.  This  in- 
deed is  the  mo^t  general  cl»e^  and  there  are  few  situations  so 
abrupt  at  to  deviate  verj  fhr  from  this  caile,  the  greatest 
height  of  a  fortress  cbmolonlj  bearing  but  a  small  propor* 
turn  to  the  distance  of  the  mortah  ^ 

When  AB  is  a  horizontal  plane,  as  in  fig.  8.  the  iMh 
EDA  k  a  semicitcife. 

In  this  case  the  lulaximiim  hmge  A  ft  is  equAl  to  AC5 
the  radius  of  the  circle,  and  equal  to  twice  the  height  FA 
iieoesslury  for  teqiiiring  the  velocity  of  thfe  prbjefetion. 

This  greatest  range  is  obtained  by  elevating  the  mortar 
45  degrees  frOm  the  horiaon. 

170.  The  ranges^  with  diffet'ent  directions,  Aire  prbpor^ 
iional  to  the  noes  of  twice  the  angles  of  elevation  For^ 
drawing  GG,  DL^  d  4  p^pendkular  to  EAj  and  drawing 
Uie  radii  CD  and  C  d,  we  have  C6  equal  to  th($  range  Aft 
and  /  dj  ecjual  to  the  range  AB,  Ndw  C6  is  the  sine  of 
the  angle  AC^G^  which  is  double  of  GAB^  and  Id  is  the 
Mne  of  AC  di  which  is  double  of  AE<^  which  is  equal  to 
the  elevation  d  AB ;  and  the  same  is  true  <tf  all  other  ele* 
vations*  We  may  always  employ  this  analogy  as  radius 
to  the  sine  of  twice  the  angle  of  elevation,  so  is  twice  the 
height  necessary  for  acqiliring  the  velocity  to  the  range 
iD|f  the  pnijection  on  a  horiaontal  plane* 

171.  The  height  to  which  the  prcgeetUe  rises  above  the 
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hofA^mM  fdaM  is  at  the  iqvare  of  &•  sine  of  eleration. 
Vor  OV  the  flOtis  of  the  parabdft  is  ^tb  of  DB  or  LA  ;— 
flftd  PA,  the  height  to  wUeh  the  projectile  would  rise 
e^aigbt  upward,  ia  ^th  of  EA.  Now  EA  :  LA  =  EA<  : 
AP*  =rad-« : sin.*  AED,  =  rad.* :  sin.*  elevation.  There* 
fore  FA :  VO  =  fad>  :  rio.*  elovalion,— <dso  VO :  0  O  s 
sin.'  DAB  :  m.^  il  AB,  kcs 

1T&  The  tiBte»of  the  flights  ate  as  the  sines  of  the  ele* 
^ffttiou.  For  the  Telocities  in  the  directions  AD,  A  d,  be- 
ing the  same,  th%  times  of  deseribing  AD  and  A  d  uni- 
'f(Moiy  will  be  aa  AD  and  A  d.  Now  AD  and  A  d  arenas 
the  shiei  of  tho  englea  ABD  and  AE  d,  which  are  equal 
lb  the  angles  DAB  and  li  ABi  Now  the  times  of  describing 
AD  a^d  A  d  nMoun\j  with  the  veloeiij  of  projection 
are  the  same  with  the  times  of  describing  the  paraboiae 
A VB  and  A  e  B; 

173.  When  the  object  to  be  struck  is  on  an  inolined 
platie  AB,  ascenAttg,  as  in  fig.  9.  the  arch  EDA  is  less 
llian  a  semieircie ;  and  when  it  is  on  a  descending  plane, 
as  in  fig.  4.  EDA  is  greater  than  a  semicircle.  This  con* 
sidlBiiabl^  embarrasses  the  process  for  obtaining  the  direc- 
tion, when  the  impetus  and  the  object  are  given,  or  con- 
▼ersfdy.  It  has  been  much  canvassed  by  the  many  au« 
tbors  who  deliver  theories  of  gunnery,  and  the  parabols 
^brds  many  Ytrj  pretty  methods  of  solving  the  problem. 
Pt  Halley^s,  in  the  Iftflosopbical  Transactions,  No.  179.  ia 
peculiaiiy elegant  Mp Thomas Simpson?s also, inNo. 466. 
ia  e^itremely  ingetiioin  and  comprehensive,  and  has  been  re* 
dttced  to  a  very  eljBgant  simi^icity  by  Ffisius  in  his<}os« 
BK^aphia.  But  neither  ot  these  methods  shew  so  dis« 
tincdy  the  oonneetion  between  the  d^erent  circumstances 
of  the  motiona,  or  ke^  the  general  principle  so  much  in- 
vjow,  as  the  one  here  given ;  and  all  the  arithmetical  ope* 
rations  which  finally  result  from  them,  are  precisely  simi* 
lar  to  those  deduced  from  our  construction. 
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174.  The  foiUyirlng  liietkid,  svggerted  hf  the  simple 
construction  now  given^  is  {«obaU]r  as  sfttjr  ttd  tspei&* 
4iba8  as  mnj. 

Drew  the  horisHMtslJiot  HAa*  fig.8.  «ad4.  ci<^ 
tieal  cbnsiTD  ihrough  B  ia  K,  let  C  be  the  cendre^lfae  oinstK 
]sr  areii  £DA.  Joifl  AC,  ssid  draw  6C,  cattiag  the  ver- 
ticals through  A  and  B  in  the  points^andg*.  Also  dimw 
CD  and  C  d.  Let  p  represent  the  atigle  of  position  EABy 
and  d  the  anglfe  of  direeiios  DAB,  wbteh  the  axis  <rflhe 
piece  makes  with  the  line  of  position  AB.  Also  let  s  be 
ihe  eagle  KAD  which  the  axis  makes  with  the  terticaL 
Let  r  express  the  range  AB,  and  /  the  fall  FA  necessary 
for  communicating  the  Telocity  of  projection.  Then.  tiiMfc 
parameter  of  the  pambda  at  the  poiat  of  prajediaa  is 
Aff  :=  AE,  and  Rising  A  to  express  the  sine. 

We  hare  AB:DBzfS,£AD<  S|  DAB,scS,«:  S,  if. 
DB :  DA  =  S,  DAB:  S,  DBA,  =  S,  d :  S, p. 
DA :  AB  ±=8,  D£A;  S, EDA^ssS,  diS^fu 

Thek«^ftnre  AB:  AEssS,  9 X  S,  d:S%p. 

That  is    i^:4/=rS,irxS,d:aVp. 
And  'rKS%jitt4/xS,*xS,A 

Hence  are  derived  fortaalss  wilidi  sqIt*  aU  4ht  ^giestfoas 
cbtitainel  im  tiie 


The  answefs  to  the  iqaeslioM  esij^rssied  ia  <he  tw^  fint 
cases  are  obtained  by  a  single  operation.  Ja  the  iirst  case^ 
the  maximum  Talue  of  r^  which  corresponds  with  the  ele- 
vation AG,  is  a  third  proportional  to  AE  and  AD,  and 
will  be  bad  by  the  l^laIogy  siiL>  pimL"  i  p  =s4/:  r. 
^  We  also  may  remark  that  the  ranges  mads  With  the 
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same  Teioatjr^  and  on  the  samie  declirity,'  are  as  tlie  pro- 
ducts of  the  sines  of  4  and  ofs* 

1 78.  But  these  formula  do  not  afford  so  ready  an  answee, 
when  d  is  the  thing  wanted,  as  one  would  expect  from 
their  simplidtj.  When  d  is  unknown,  z  is  also  unknown. 
In  this  case  we  must  remack,  that  S,  s  x  S,  d  is  equal  to 

COS.  z  «i  d—-  cos.  z  +  d      J  .1   A      .J 

: g-: -L_^  and  that  z  +  d  =  p. 

This  changes  our  formula  into  r  x  8in.t  p^sifx 

COS.  js:«>d— -COS.  z  +  d       s-2 3 *     ^^ 

^ ■ — g---5 i-?»  =  2/x  COS.  z  •?  d — COS.  /»,  =r8/x 

COS.  s  «•  d  *-  2/x  COS*  p.    Therefore  we  haye 

rxsin.'  p  4: 2/x  cos.p  =r  2/x  cos.  2  *  d. 
Having  obtained  the  arch  «  ••  d,  and  having  j?  +  4I  :=p^ 

we  easily  obtain  d,  it  being  ==  ^LJl^-.? — .    The  process 

18  much  expedited  by  the  help  of  a  tabl^  of  natural  sines. 
We  must  remember  that  when  the  projection  is  pia^  on 
an  ascending  plane,  the  q\iantity  8  /  x  <$os.  ji,  is  to  be 
added  to  r  x  sin.';p ;  but  that  it  is  to  be  sidbtracted  from 
it  if  thcr  prdjection  is  made  on  a  declivity. 

179.  But  a  plainer  method  may  be  taken,  a|t||Qugh  nc^ 
so  obviously  deduc^  from  the  general  principle.  The 
position  of  the  object  B  being  known,  its  horizontal  dis- 
tance AKis  known.  Call  this  L  The  middle  direction 
AG  is  also  known.  The  line  /  A  is  also  known,  being 
=r=  2/.  Now  /  C  =  ?/x  tan.  /AC,  =^  2/x:  co^an.  p. 
Call  this  b.  Then  Cgis  =  A  +  f,  or=:A  —  i,  according 
as  the  projection  is  made  on  an  as^^nding  or  a  descending 
plane.    Now  we  have 

/A  :  C  g"  =  cos.  p :  cos.  d — z  or 

2  /  :  A  +  A  :=  cos.  p  :  cos.  d'^^z. 

Then  to  ^  p  (=:  ^  d  +  2r)  add  ^  d — z,  and  we  obtain  (L 
Thb  is^  in  fact,  the  process  to  which  we  are  ultimately 
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led  by  every  meOiod  thai  is  taken  for  the  solution  of  this 
case  of  the  problem. 

The  construction  suggests  another  process,  which 
may  be  more  acceptable  to  some  readers.  The  angle 
/AG  is  i  £AB.  Therefore  f  Gzz2  f  x  tan.  ^  p, 
and  2/x  tan.  ^  p  —  AK  ^g  G,  =  the  versed  sine  of 

9  n  dy  CA«  or  I  ^   beine  radius. 
^      ^      8m,|>        ^ 

There  are  two  questions  more  that  must  be  solved  be- 
fore the  artillerist  can  have^U  the  informatio>n  he  requires. 
Jn  the  throwing  of  shells,  it  is  of  peculiar  importance 
that  the  fuse  of  the  shell  burn  during  the  whole  time  of 
the  flight,  but  no  longer ;  and  it  would  be  best  of  all  were 
it  ended  when  the  shell  is  about  six  feet  from  the  ground^ 
This  requires  an  exact  knqwledge  pf  the  time  of  the 
flight. 

180.  The  time  of  the  flight  is  the  same  with  that  of  falU 
jng  through  DB.    We  must  therefore  calculate  DB  in  feet. 

4      .-'  115  16sm.  s 

the  sum  of  the  logarithms  of  the  range,  (measured  i^ 
feet)  ai^d  the  sine  of  the  direction,  take  the  sum  of  the 
logarithm  of  16  and  the  sine  of  the  zenith  distance,  and 
half  the  remainder  is  the  time  of  the  fli^t^.  measured  ip 
seconds.  . 

If  the  best  or  middle  direction  had  been  chosen,  whiob 
is  generally  not  far  from  bein^  the  case,  DB.is  equal  tp 

-BA  or  r.    Therefore  in  this^  case  we  hate  I  z^i^SL-^,.  ^rA 

<.I<astly,  with  respect,  to  the  velocity  and  momentum 
with  which  the  projectile  makes  iU  stroke,  tjbis  is  easiljr 
deduced  from  the  proplerty  of  the  parabolic  motion.  We 
know  the  velocity  of  projection,  or  the  velocity  at  A, 
liamely^  that  which  is  acquired  by  falling  through  FA. 
In  like  manner,  the  yelocity  at  !$  is  that  acquired  by  f^l^* 


Then  (146)  t 
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ing  Aroiigii  iP  «,  (B  «  bfing  4lm#tt  {MmIM  to  the  ^iMi*. 
«OD.)  Therefore,  vPA  :  vFT  =  trfocity  at  A  i  Ttte- 
«ity  at  B. 

181.  8iich  itre  tlie  praetie&l  pnoblHAS  with  tfadr  note 
Me^l  ooronaries  wbkh  htrt  b^  dedated  from  th^  ^Qtf^ 
Hlettft  theory  -of  pro^ileii)  ant)  it  only  remaiiu  to  com- 
pare the  results  of  this  theory  with  obserratioii.    Afi  this 
is  the  simplest  ^»se  of  the  curvilinieal  motion  of  bodies  in 
free  space,  and  we  have  seeti  suc^  e&quisite  coincidence 
in  the  celestial  motions,  tn  which  the  complication  is  in- 
compairafoly  greater,  we  are  led  to  eicpect  an  equal  Cotn- 
ttdence  in  the  case  of  tetnestrial  projectiles.    But  it  i$  not 
tasy  to  institute  the  comparison.    The  planets  describing 
orbits  which  return  through  the  same  points  from  which 
they  set  out,^their  revolutions  afe  repeated,  and  w^  can 
easily  state  the  moment  of  their  being  in  any  given  point  of 
tbeir  orbits.  But  in  our  projections  the  whole  tfiglit  Is  over 
in  a  vipry  short  time,  and  ev^ry  time  we  fee  diem  they 
0t^  new  motion^,  in^^p^dent  ipfi^  ftn<l  uncotaiieicted  tri[th 
any  prior  or  posterior  projection;    There  is,  however, 
tme  ca^e,  in  which  the  comparison  seems  eveh  preferable 
to  any  we  can  make  in  the  catu  of  tl^e  pkmetai^  Amotions, 
natnely,  the  motion  of  a  jet  of  water  or  other  iiuid  issu- 
ing through  a  stnafl  or tfice,— hert,  a^  every  drop  follows  the 
fame  path,  we  have  the  whole  path  exhibited  to^us  at  once. 
Wti  see,  in  pne  moment,  a  particle  in  every  point  of  the 
^Vb.    We  can  measure  thts  path,  'aiid  state  its  accurate 
fprm..    The  omiy  0tii6r^j(adipie.:tha4  nffdnds  ^n^ipppr- 
tunity  fbr  examination  is  the  flight  of  a  bomb^shell  in  the 
ial|;ht  time,    Vfe  see  this  by'  the  light  of  it^  fu^e ;  bu^  the 
appearance  b  too  transitory  to '  give  ^s  any  accurate  in- 
formation. 

W^en  the  jet  <>f  Water  is  yery  inoderate,  ^  When  It 
'W}ie$  with  a  velocity  ijqt  exceeedijag  "20  or  30  feel  per  scr 
cond,  the  carve  formed  by  the  jet  is  fbund  to  coincide 
^ith  a  parabola.    And  when  experiments  are  made  with 
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»     ,  «  .... 

jels  so  limited,  especiaH j  if  the  ran  of  vater  ts  not  ^  too 
small,  the  correspondence  with  thp  theory  is  as  exact  as 
ire  can  wish.  The  furthest  jet  is  made  on  a  horizontal 
phtne  with  the  elevation  of  45° — and  th^  elevations  which 
give  the  smaller  hinges  are  observed  to  have  the  due 
proportion,  viz.  that  qf  the  sines  of  twice  the  angles  of 
elevation. 

But  when  the  velocity  of  efBux  is  so  great  that  the 
water  is  seen  to  spread  as  it  issues,  and  soon  divided  into 
spray,  we  then  observe  a  great  deviation.  When  the  jet 
is  very  oblique^  rising  in  an  angle  of  45^  for  example, 
we  can  plainly  see  that  the  curve  deviates  greatly  from  a 
parabola  with  its  axis  pt^rpendicuUr  to  the  horizon.  The 
Yemote  brancli  of  the  curve  is  seen  to  be  much  lesi  slop- 
ing  than  the  lisiug  branchj-'-aim  in  the  very  great  jets 
which  are  to  be  seen  in  some  great  water-wor^s,  the  fall* 
ihg  branch  is  almost  perpendicular  at  its  remote  extre* 
mity ;  and  the  h^best  point  of  the  curve  h  far  from  be« 
ing  in  the  middle  betvreen  the  spout  and  the  place  where 
the  water  falls.  *  This  unequal  division  of  the  Cunre  by 
its  highest  point  may  also  be  observed  in  the  flight  of  a 
bomb-shell,  and  of  an  arrow. 

The  time  of  rising  to  the  top  of  the  curve  should  be 
equal  to  the  time  of  its  descent  on  the  other  side.  But 
it  is  s^i33ibly  greater  when  the  elevations  ^re  small,  and 
sensibly  less  when  the  projection  is  made  with  a  great 
elevatjon. 

The  greatest  horizontal  range  should  be  made  when 
the  elevation  is  45® ;  and  this  is  generaHy  understood  to 
be  the  case.  But  in  every  experiment  that  has  been 
made  with  considerable  ydocHies,  the  elevation  which 
|;ives  the  greatest  range  is  considerably  below  that  of  45 
degrees.  A  strong  bow  wHl  send  the  arrow  much  far- 
ther wUh  an  devation  of  36®  or  38^  than  with  45® ;  and 
.a  piec^  of  ordnance  does  the  same. 

182.  The  horizontal  ranges  should  be  equal  that  are  ^ 
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made  with  eleratioiu  equidistant  from  iS*.  The  (aXhw^ 
ing  experimentu  were  oiade  at  La  Fere  by  the  Chevalier 
Borda^  with  a  84upouiider  brass  cannon,  with  the  same 
charge  of  powder  in  each  experiment  Three  discharges 
were  made  with  each  elevation,  and  the  medium  range  is 
here  set  down : 

Ekvatum.  Range. 

16'  .  .  1950 


SO 

45 
60 

76 


2235 

2108 

1700 

950 


Here  it  appears  that  the  range  at  76'',  which  should 
have  been  the  same  with  that  at  15%  wanted  25  of  being 
one  half  of  it  The  range  at  60^  is  but  f  ths  of  the 
range  at  30^.  And  the  range  at  45*  falls  considerably 
short  of  that  at  30». 

The  same  gentleman  made  a  similar  experiment  with  n 
brass  field  six^pounder,  with  two  pounds  of  powder.  1% 
ranged  1590  yards  when  elevated  45%  and  1700  when  el^ 
vated  30*, 

A  12-pounder  ranged  at  19*  672 

10  495 

It  should  have  ranged  362 


Another  piege  at  8  690 

at  4  600 

It  should  have  ranged  350 

The  range  with  an  elevation  of  45^  should  be  twice 
the  height  through  which  a  body  must  fall  in  order  to  ac« 
quire  the  velocity  of  the  projection. 

This  comparison,  which  is  of  main  importance,  can  be 
pretty  well  made  with  jets  of  water,  because  the  velocity 
of  efflux  can  be  deduced  from  the  quantity  which  issues 
in  a  given  time.  In  these  experiments  a  defalcation  majr 
b^  observed)  even  when  the  velodtjf  is  vcrjr  n^od,Q]:atte  ; 
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jind  i^hen  it  is  c6Jmd&rMep  the  deff^cati^n  is  very  gmtd 
indeed. 

183.  It  is  not  easy  to  institute  such  a  comparison  in 
the  case  of  the  prodigious  velocities  of  military  projectiles, 
and  we  were  long  ignorant  in  thb  matter  and  had  notions 
so  erroneoust  that  our  conclusions  misled  us  still  farther 
from  the  truth.  At  last,  however,  a  method  was  disco- 
vered of  measuring  these  great  velocities.  Notwithstand- 
ing the  magnifieeiit  establishments  for  the  improvement 
of  the  art  in  all  the  governments  of  Europe,  and  the  num- 
berless experiments  which  have  been  made,  no  improve* 
ment  has  been  made  till  very  lately.  The  experiments 
are  of  a  kind  that  professional  men  alone,  aided  by  the 
establishment,  can  undertake-i-Haild  th^y  have  pot  been 
spared— -but  have  been  so  injudicious  that  they  did  more 
harm  than  good.  Yet  they  appear  unexceptionable.  Thus, 
from  a  medium  of  18  discharges  with  the  same  quantity  of 
powder,  and  only  three  degrees  of  elevation,  that  the  flight 
;might  be  almost  a  straight  line;'  it  was  found  that  510 
yards  were  described  in  2^  seconds,  from  which  it  was  iu- 
ferred  that  the  velocity  was  204  yards  per  second  or  61^ 
feet.  Calculations  being  made  for  longer  flights  from  th^ 
standard  were  found  so  discordant,  and  led  to  such  incon- 
sbtencies,  that  it  Was  plain  thi|t  the  first  principle  wi^i 
,arroneous« 

184.  At  last,  Mr  Benjamin, Robins,  a  private  person,  bi^t 
eminent  for  matheipatical  and  philosophical  knowledge, 
accomplished  this  difficult  task,  in  a  manner  that  gives 
complete  satisfaction.  The  third  law  of  motion  teaches 
us  that  when  a  body  A  makes  any  change  in  the  motiou 
of  another  body  B,  it  sustains  an  equal  change  in  the  op- 
posite  direction.  If,  by  striking  B^  it  gives  it  a  quantity 
of  motion  1,  then  it  loses  the  same  quantity  of  its  owp. 
motion.  If  therefore  A,  moving  with  the  velocity  60i 
feet  per  second,  strike  on  a  body  B  a  hundred  times  bigger 
than  itself)  it  will  give  it  about  th^  lUOth  part  of  this  veto- 


city,  netrlj.e  feet  per  second,  whidi  is  reiy  neidertto. 
Mr  Robins  therefore  discharged  musket  balk  agaiiiflft  # 
block  of  wood  hanging  like  a  peadulom,  and  to  conatnid> 
ed  that  he  could  tell,  with  great  exactaess,  what  vdocit^ 
it  had  aoquured  from  the  blow.  We  shall  see  in  d«e  time 
how  this  maj  be  inferred,  with  great  aocoracjr,  from  the 
vibration  which  it  will  cause  this  suspended  block  of  tim- 
ber to  make. 

Proceeding  in  this  way,  Mr  Robins  foimd  durt  a  musket 
baO,  discharged  with  the  ordinary  serrice  allotment  of 
powder,  issues  from  the  muaale  of  the  piece  with  a  Telo- 
city between  1600  and  1700  feet  in  a  second.  A  body 
falling  4  feet  acquires  a  velocity  of  16  feet  per  second; 
therefore,  to  give  it  the  velodty  of  1600  feet  requires  » 
fall  of  40,000  feet,  or  IS^SSS  yards,  =  V,  miles. 

Sach  a  musket,  therefore,  elevated  45%  should  send  the 
ball  almost  16  miles— but,  when  the  trial  is  made,  it  is 
rarely  found  much  to  exceed  \  a  mile,  deviating  from  the 
theory  31  parts  out  of  39,  A  84  pound  shot,  when  dis» 
charged  with  the  usual  service  of  powder,  has  neariy  the 
same  velocity.  Yet  such  a  ball  will  very  seldom  go  three 
miles,  which  is  but  }th  of  what  the  theory  requires. 

This  is  an  enonnoiui  deviation  from  the  theory.— It  ia 
not  so  great  in  more  moderate  velocities.  Thus  Mr 
Robins  found  that  a  musket  ball  with  the  velodtjr  400^ 
ranged  only  450  yards  when  elevated  20".  We  sbdl  find 
that  this  Telocity  with  this  devation,  should  have  given  a 
range  of  1050  yards.  The  experiment  gavelbuC  f  ths  of  this. 

Anotho*,  having  the  velocity  700  elevated  8%  ranged 
€90  instead  of  1400,  which  it  should  have  ranged. 

185.  Thus  it  appears,  that  the  actual  metionsof  thoee  pr^ 
jectiles  difil«r  so  nboastrously  from  the  theory,  that  it  b^ 
comes  of  no  use  for  directing  the  practice,  except  peihatm 
in  bombardment,  where  the  velocities  are  vastly  more  ai»- 
derate,  and  the  observed  deviations  from  theory  are  mnels 
smaller,  and  so  regular  that  an  equation  can  be  adapted 
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to  them,  whereas  the  deviations  of  cannon  shot  apd  of  small 
arms  seem  unsusceptible  of  anjr  such  reduction.    I  maj 
dmost  Tentiuv  to  say,  that  the  numerous  and  splendid 
volumes  which  have  been  written  on  the  paraboHc  theory 
of  projectiles,  are  Kttle  more  than  ingenious  amusements  for 
mathematicians,  but  deserve  little  attention  from  the  gun- 
ner or  bombardlier.    AH  that  can  be  done  for  his  instruc- 
tion, is  to  make  a  collection  of  experiments,  with  every 
wietj  of  gun,  elevation,  quantity  of  powder,  and  manner 
of  disposing  it  in  the  piece.     In  this  collection,  no  con« 
durion  should  be  drawn  except  by  a  medium  of  several 
discharges  in  similar  circumstances.    By  far  the  greatest 
part  of  the  experiments  already  pubtished  have  little  value, 
being  injudicioosfy  made^— and   they  differ  more  from 
one  another  than  from  any  theory-granges  with  smalt 
elevations  are  of  no  use  for  establishing  the  theory^  because 
the  smallest  deviation  from  the  direction  in  the  vertical 
produces  a  greai  difference  in  the  range,  insomuch  that 
die  ranges  with  4^  of  elevation  are  frequently  observed  to 
exceed  those  made  with  the  same  powder  and  6^  of  eleva- 
tion.   Such  deviations  are  unavoidable  when  the  ball  haa 
"  much  room  in  the  piece. 

18&  Such  being  the  state  of  this  article  of  mechanical 
philosophy ,.it  is  our  business  to  inquire  into  the  cause  of  the 
deviation  from  results  so  simple,  and  which  seem  so  firm- 
ly established  on  the  first  principles  of  mechanics.  The 
cause  is  by  no  means  abstruse  to  any  person  that  re* 
collects  that  this  globe  is  surrounded  by  a  material  atmos- 
phere. A  body  cannot  move  through  this  atmosphere  with<^ 
out  pushing  the  air  out  of  its  place,  that  is,  without  giving 
motion  to  a  quantity  of  matter.  It  is  a  fact,  without  ex- 
ception, that  when  a  body  in  motion  displaces  another, 
the  moving  body  loses  as  much  motion  as  the  other  body 
acquires.  Although  we  are  far  from  knowing  with  preci- 
sion what  motion  is  thus  communicated  to  the  air,  we 
lean  draw  several  conclusions  from  the  general  fact  of  its 
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being  put  in  motion,  which  must  be  rerj  nearly  true.  A 
ball  dispiae^  the  air  nearly  in  the  same  manner  with 
whatever  velocity  it  movetf.  Therefore,  the  quantity  of 
aerial  motion  which  it  generates,  will  be  nearly  propor- 
tioned to  the  quantity  of  matter  thus  put  in  motion,  and 
the  motion  thus  induced  on  each  particle^  that  is,  the  ve- 
locity with  which  it  is  pushed  aside.  The  product  of  the 
quantity  of  air  displaced^  multiplied  by  the  velocity  of  the 
removal,  will  express  the  quantity  of  motion  generated  in 
the  air^  and  extinguished  in  the  ball.  The  quantity  dis- 
placed in  a  second  must  be  proportional  to  the  space 
passed  over  by  the  moving  ball.  And  the  motion  given 
to  the  same  parcel  of  air  must  also  be  proportional  to  the 
velocity  of  the  ball.  The  product  is  proportional  to  the 
aquare  of  the  Velocity  of  the  balL 

Therefore,  the  motion  lost  by  the  ball,  or  its  momen- 
tary diminution  of  velocity,  must  be  in  this  proportion. 

Suppose  another  ball,  of  the  same  weight,  but  having 
twice  the  diameter,  moving  with  the  same  velocity.  It 
must  displace  a  greater  quantity  of  air^  and  this  in  pro.? 
portion  as  its  surface  is  greater,  that  is  in  proportion  as 
the  square  of  its  diameter  is  greater.  The  momentary 
loss  of  motion,  therefore,*  will  be  as  the  square  of  the  ve* 
locity,'and  as  the  square  of  the  diameter  jointly. 

Suppose  a  ball  of  equal  diameter  with  the  first,  but  of  a- 
greater  density.  If  moving  with  the  same  velocity,  it  ge-' 
nerates  and  loses  the  same  quantity  of  motion ;  therefore 
its  momentary  diminution  of  velocity  must  be  so  much 
the  less,  as  its  quantity  of  matter  is  greater.  Thus  should 
a  ball  of  10  pounds,  and  one  of  80,  having  the  same  dia- 
meter, move  with  the  same  velocity  3^  the  quantities  of 
motion  are  36  and  60.  Now  should  the  first  lose  in  any 
time  the  velocity  1,  it  loses  the  quantity  of  motion  10.  The 
other  loses  the  quantity  of  motion  10,  and  its  remaining- 
quantity  of  motion  is  50.  Therefore  its  velocity  is  2|,  and 
tt  has  lost  the  velocity  ^.    Thus  it  is  that  we  see  a  soap 
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bubble  descend  rety  slowijry  whik  •  cofk  ball  6f  the  same 
aize  falls  much  faster,  and  a  leaden  ball  still  faster. 

These  things  Will  be  more  particularly  considered  after- 
wards, and  are  only  mentioned  just  now,  to  help  us  to 
form  a  notion  of  the  more  remarkable  circumstance^  of 
'  tlus  retardation.  We  see,  in  general,  that  a  denser  body 
sustains  a  smaller  diminution  of  its  velocity  when  it  sus- 
tains the  same  diminution  of  its  momentum,  and  that, 
with  respect  to  bodies  of  the  same  density,  the  smaller  will 
be  most  retarded,  because  their  momenta  are  in  a  smal- 
kr  proportion  to  the  momenta  of  the  larger  bodies  than 
their  surfaces  are,  to  which  the  retardations  are  (ceteris 
foribus)  proportional     In  general,  the  momentary  dimi* 

nution  of  velocity  is  proportional  to  --7j->  that  b  to— ^ 

where  d  is  the  velocity^  and  d  the  diameter. 

187.  'Philos(^hers  have  allowed  themselves  to  be  mis- 
led by  the  great  disproportion  between  the  density  of  the 
air  and  that  of  an  iron  or  leaden  ball,  which  is  from 
9,000  to  11,000  times  heavier,  and  have  therefore  thought 
that  the  retardation  occasioned  by  so  rare  a  fluid  must  b^ 
insignificant.    They  have  been  confirmed  in  this  by  the 
result  of  chamber  experiments,  with  a  jet  of  water  or 
mercury,  in  whkh  there  is  a  sufficknt  coincidenee  with 
experiment.     Yet  a  littk  reflection  might  have  convinced 
them,  that  what  impels  our  ships,  and  overturns  build* 
ings,  breaks  down  trees,  and  produces  other  ravages,  can- 
not be  insignificant  in  •such  rapid  motions. 
.    It  is  really  surprising  that  so  little  has  been  learned  in 
A  busy  period,  and  on  an  interesting  subject,  especially 
when  we  think  on  the  immense  estdbliahments  in  most 
nations  for  the  cultivation  of  this  art.     Or,  while  mere 
military  men  prosecuted  this  subject  in  their  own  way, 
with  their  moderate  stock  of  mathematical  knowledge,  it 
is  very  surprising  that  men  of  science  have  not  improved 
^e  art,  especially  since  the  elements  have  been  so  plainly 
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«id  dlitiiidlly  laid  dbwtt  a  oentuvy  ago  bj  Sir  bate  Ntv- 
ton.  ^ 

Kewton  was  the  int  who  consideped  the  mecbaaical 
action  of  fluids  in  motion,  and  be  has  givm  us  tlie  ale« 
mente  of  all  the*  seienee  we  yet  possess*  on  tbis  subject 
His  theoiy  of  what  is  now  ealled  the  resistance  of 
proceeds  on  tbe  aclcnowiedged  principles  of 
and  bas  liothiiig  in-  it  that  u  not  strit^tljr  'demonstrated, 
except  tbe  assumption  of  tbe  particular  constitution  of  a 
fhiid.  This  he  announces*  a»  a  AypofAestir.  He  givva  two 
forms  of  this  hypotbesifi^)  one  of  which  coitlfspond^  to  the 
only  di^tfnct  notions  we  can  foltn  of  tbe  mechaafiicai  af* 
fections  of  cofttmon-air;  He  Bbintlj  demonstvatcs,  that 
tbe  diminution  of  motiotli  produced  by  it  is  tbe  same  with 
what  would  be  produced  by  the  weight  of  a  column  of 
this  fluid4  having  the  resisted  surface  for  its  base^  and 
having  fdr  its  height  the  height  necessary  finr  acquiring 
the  velocity  of  the  mbtiom  Thu%  a  square  in  its  mov* 
hig  in  water  32  iVet  per  second,  sustains  a  resistance 
equal' to  tbe  weight  of  a  prism  of  water  Itt  feet  long*** 
this  will  be  about  seven  pounds^  Air  being  840  tiinet 
lighter^  the  resistance  is  but  the  640th  of  this^  or  \\ 
ounces.  If  the  sorfUce  move  dOttmin  (bster  than  this^  or 
1600  feet  in  a  second^  the  resistance  will  be  30  xdOx  1^ 
ounces,  nearly  91  pounds  on  every  squall  inch.  The  r^ 
sistance  to  a  mtisket  ball  should  be  7S  times  its  weigbt,  by 
Newton'^s  principles. 

The  inattention  of  artillerists  to  all  this  is  still  tbe  mora 
Surprising,  as  Newton  supported  bis  theory  by  the  most 
unexceptionable  experiments^  made  by  bim  with  the  tU 
most  care.  One  chief  reason  seems  to  have  been  the  n*i> 
ture  of  tbe  e3tperiments<  Newton^s  measures  of  tbe  ae* 
tual  resistance  of  tbe  air  were  inferred  from  observing  the 
diminution  which  it  caused  in  the  vibrations  of  pendulums. 
These  inferences«required  such  a  load  of  calculation,  that 
scarcely  any  person  but  Newton  had  patience  to  submit 
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to  it.  And,  as  his  observed  resistances  were  verj  small, 
thejr  were  disregarded. 

.  Artiilerists  were  also  greatly  mistaken  in  their  notions 
of  the  initial  velocities  of  cannon  shot.  They  had  infer- 
red these  measures  from  the  time  a  cannon  ball  flew  a 
certain  number  of  yar^ds ;  not  suspecting,  that  in  a  second 
of  time  the  velocity  is  reduced  to  little  more  than  one 
half.  A  remarkable  experiment  was  made  at  Leith  in 
1783,  which  is  very  instructive  in  this  respect.  A  ball  of 
103  pounds  was  discharged  by  eleven  pounds  of  powder^ 
at  an  elevation  of  15^  A  24  pound  ball  was  discharged 
with  eight  pounds  of  powder,  with  the  same  elevation. 
They  were  dischiirged  almost  at  the  same  instant.  They 
alighted  within  one-fourth  of  a  second  of  each  other,  and 
not  above  sixty  yards  asunder.  From  such  an  experiment^ 
a  person  might  be  led  to  think,  that  the  two  balls  moved 
with  nearly  the  same  velocity  ;  yet  the  smallest  reflection 
must  convince  us,  that  this  cannot  be  nearly  the  case* 
By  the  best  judgment  that  can  be  formed  of  the  action  of 
gunpowder,  and  by  comparing  these  discharges  with  sbch 
as  have  been  measured,  it  appears  that  the  initial  velocity 
of  the  great  ball  was  nearly  800  feet  per  second,  and  that 
of  the  24  pound  ball  was  1450.  In  two  seconds  the  24 
pound  ball  was  reduced  to  the  velocity  807.  In  5|  se* 
conds  both  were  reduced  to  520 ;  the  smaller  ball  having 
gone  4300  feet,  and  the  large  one  3500.  In  22  seconds 
the  great  ball  had  just  passed  the  other,  having  gone  9500 
feet,  and  still  retaining  the  velocity  270.  The  24  poun- 
der had  the  velocity  210.  It  was  necessary  to  calculate 
these  motions  for  every  tenth  part  of  a  second. 

We  see,  from  this  experiment,  how  difficult  it  is  to 
leam  the  velocities.  We  are  therefore  under  great  obli- 
gations to  Mr  Robins  for  his  discovery  of  an  unexcep- 
tionable method  of  acquiring  this  knowledge.  He  begins 
his  examination  of  this  question  by  first  finding  the  re- 
sistance to  slow  motions— this  he  did  in  a  way  that  was 
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eqaall/  Accurate  and  original.  The  surface,  of  whicb  h« 
examined  the  resistance,  was  made  to  move  round  an  axis 
at  the  distance  of  six  or  eight  feet,  at  a  certain  det^rmin* 
ed  rate,  and  the  force  requisite  for  this  purpose  was  mea^ 
sured  by  weights.  In  this  manner,  he  found  that  a  ball 
4^  inches  diameter  (which  is  the  size  of  a  12  pound  shot) 
moving  26  feet  per  second,  sustained  a  resistance  of  0,79 
ounce  avoirdopoise  ;  therefore,  if  moving  89^  feet  per  se* 
eond,  it  sustains  a  resistance  of  one  ounce,  for  he  found  the 
resistances  accurately  proportional  to  the  square  of  the  ve- 
locity. Now,  suppose  this  ball  to  move  with  the  velocity 
with  which  it  is  discharged  with  four  pounds  of  powder, 
that  is,  1600  feet  per  second.  The  resistance  would  be 
64x64  times  as  much,  or  about  184*  pounds,  or  15} 
times  the  weight  of  the  ball.  Now,  the  weight  of  the 
ball  would  diminish  its  velocity  32  feet  in  the  first  second, 
that  is,  while  it  flies  the  1600  feet.  The  resistance  would 
diminish  it  15}  times  as  much,  of  488  feet,  reducing  its 
velocity  to  1172  feet,  before  it  has  gone  500  yards. 

Ib8.  So  inattentive  have  we  been  to  the  truths  famish* 
ed  us  by  Newton.  But  Robins  did  not  rest  satisfied  with 
this  deduction  from  the  resistances  observed  in  slow  mo- 
tions. He  contrived  a  still  more  beautiful  and  original 
method  of  determining  directly  the  initial  velocities  of 
military  projectiles.  This  completed  the  discovery,  and 
gave  a  new  form  to  the  science  of  artillery  ;^-I  should 
rather  say,  that  he  made  it  altogether  a  new  science. 

Mr  Robins  discharged  the  bullet  against  a  block  of 
timber  hanging  like  a  pendulum,  and  the  stroke  set  it  in- 
to vibration.  We  shall  learn  in  due  time  how  the  veloci^i 
ty,  communicated  to  the  pendulum^  may  be  inferred  with 
great  accuracy  from  the  extent  of  the  vibration.  As  the 
bullet  stuck  fast  in  the  wood,  its  velocity  was  reduced  to 
the  velocity  of  th^  pendulum ;  and,  as  the  quantity  of 
motion  remains  unchanged,  as  much  as  the  block  of  tim- 
ber exceeds  the  ball  in  weight,  so  much  did  the  velocity 
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df  thus  ball  exeeed  that  of  the  pendulom.  Thus,  bf 
making  the  pendulum  sufficiently  beayy,  the  velocity  may 
be  made  as  moderate  as  we  please. 

With  this  apparatus^  Robins  discovered  that  a  musket 
ball  weighing  ^^^th  of  a  pounds  when  fired  from  a  bari«l 
45  inehes  long  with  half  its  weight  of  powder^  issues 
with  the  velocity  of  between  1600  and  1700  foet  in  a  se» 
cond. 

This  was  i  most  predous  invention ;  for  it  not  only  en* 
(Mei  Mr  Robins  to  determine  the  present  important 
question,  but  also  to  examine  the  whole  practice  of  ar- 
tillery, shewing  what  propoition  of*  powder^  and  what 
foirm  of  chamber,  and  what  disposition  of  the  loading, 
produced  the  best  effect,  and  what  is  the  effect  of  vary- 
iiig  any  one  of  all  those  circumstance.  Ail  the  received 
nostrums  in  artillery  adopted  by  men  ignorant  of  princi-  • 
pie,  and  sanetioned  by  long  authority,  were  now  open  to 
A  fair,  easy,  and  accurate  trial ;  and  it  was  now  put  in 
our  power  to  establish  fixed  prineiples  and  maxims  of 
practice.  •  ' 

Mr  Robins  also  suggested  another  methdd  of  determi|i<* 
ing  the  velocities  by  means  of  the  recoil  of  the  pieee^ 
which  he  also  suspended  tike  a  pendulum,  and  observed 
the  extent  of  its  vibration.  He  found,  that  the  part  of 
the  recoil  that  was  produced  by  the  powder  only  was  the 
same,  whether  the  piece  was  discharged  with  or  without 
a  ball.  This  method  is  much  easier  than  the  other^  espe« 
cially  with  great  guas^ 

189;  These  inventions  of  Mr  Robins  have  been  pro- 
secuted with  great  jeeal  and  success  by  Sir  R*  Thomson, 
Afterwards  Count  Rumfor d,  with  small  arms,  and  Professor 
Hutton  at  Woolwieh  has  extended  the  experiments  to 
balls  of  3  pounds.  It  would  be  of  great  service  to  have 
two  or  three  trials  with  great  ordnance ;  for  as  we  find 
that  a  considerable  modification  was  necessary,  for  con- 
necting the  U*ials  in  small  arms  with  those  on  shot  of  3 
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pounds,  we  may  certainly  conclude  that  as  great  a  nipdi- 
fication  will  be  necessary  for  connecting  any  df  the  ex- 
periments yet  made  with  the  performance  of  a  piece  of  great 
ordnance.  The  ingenious  discorerer  would  certainly  have 
prosecuted  his  invention  with  superior  address,  .being  a 
person  of  uncommon  sagacity  and  acuteness,  and  a  most 
excellent  mathematician.  But  soon  after  he  was  appoint* 
ed  chief  engineer  to  the  East  India  Company,'  in  which 
station  he  would  have  had  the  finest  opportunities.  This 
excellent  philosopher  died  of  a  fever,  and  the  world  was 
deprived  of  all  the  knowledge  which  his  experience  would 
have  enabled  him  to  communicate. 

His  dissertations  on  this  subject  were  published  by  hif 
friend  Mr  Wilson,  in  2  vois^  They  have  been  comment- 
ed on  by  Euler,  Bprda,  and  other  mathematicians  of  the 
first  leminence.  The  experiments  recorded  in  them,  and 
those  by  Count  Rumford,  and  still  more  those  by  Profes* 
sor  Hutton,  form  a  most  excellent  collection  of  facts, 
from  which  almost  every  thing  that  is  important  in  the 
art  may  be  deduced. 

The  fertile  genius  of  Mr  Robins  did  hot  stop  at  the 
discovery  of  the  initial  velocities  of  bullets.  His  inven- 
tion fiu'nished  him  with  a  method  of  determining  by  di- 
rect experiments  the  assistance  sustained, by  musket  balls. 
By  the  medium  of  many  shots  fired  against  his  pendulum 
^at  li)e  distance  of  25  feet,  he  obtained  the  medium  velo- 
city with  which  the  ball  struck  the  pendulum.  He  then 
removed  it  50  feet  further  off,  and  repeated  the  experi- 
ment.  The  medium  velocity  was  smaller.  This  di- 
minution  was  produced  by  the  resistance  of  this  additional 
50  feet  of  air.  And  thus  its  measure,  or  rather  its  effect, 
IS  given  in  the  most  unexceptionable  manner.  This  is 
perhaps  one  of  the  most  ingenious  inventions  of  the  last 
century,  for  scarcely  any  thing,  seenis  more  removed 
from  all  means  of  determination.  It  is  therefore. worth 
while  to  record  some  of  "Ms  Robins^s  experimentS|«which 
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will  give  us  standard  numbers,  -to  which  we  can  have  re- 
course on  all  occasions. 

190.  The  pendulum  apparatus  was  set  up  at  35  feet 
distance  from  the  muzzle  of  the  musket,  which  was 
firmly  fixed  to  an  immoveable  mass.  After  firing  scTcral 
shots  into  it^  it  was  removed  50  feet  further  off,  and  the 
experiment  was  repeated.  It  was  then  placed  50  feet  still 
further  off,  and  a  third  trial  was  made.  The  results  were 
as  follow,  a  mean  being  taken  of  each  set. 

8  Shot  at  25  feet  struck  with  the  velocity  1670 

50mterval        .  Diff.     123 

I  8  76  .  .        .  1647 

60  interval        .         Diff.     122 
8  126  ...  1426 

Here  we  see  that  a  musket  ball,  moving  at  the  rate  of 
1670  feet  per  second  lost  123  feet  of  velocity  per  second, 
in  passing  through  fifty  feet  of  air,  and  that,  when  mov- 
ing at  the  rate  of  1547  feet  per  second,  it  lost  122  feet  of 
its  velocity  in  passing  through  the  next  60  feet.  Now, 
as  the  ball  began,  the  passage  through  the  first  50  with 
the  velocity  1670,  and  ended  with  the  velocity  1547,  we 
may  take  1608  for  the  medium  velocity  of  this  passage. 
It  therefore  passed  through  these  50  feet  of  air  in  ^^  part 
of  a  second,  and  it  was  during  this  small  moment  of  time 
that  the  air^s  resistance  retarded  its  motion.  This  enables 
us  to  form  a  very  clear  and  distinct  notion  of  this  resis- 
tance, by  comparing  its  retarding  effect  with  the  retarda- 
tion that  the  weight  of  the  ball  would  have  produced  in 
the  sume  time.  Now  we  know  that  in  ^^  part  of  a  se- 
cond, the  weight  of  the  ball  would  have  diminished  its 
velocity  exactly  one  foot.  The  air's  resistance  has  dimi- 
nished it  123.  It  is  therefore  so  much  greater  than  the 
weight  of  the  ball,  or  it  is  equivalent  to  a  contrary  pres- 
sure of  about  10  .pounds  and  a  quarter.  The  ball  is  re- 
'tarded  in  the  same  manner  that  it  would  have  been  l\% 
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it  been  fired  straiglit  up,  and  had  a  itei^lit  of  )P  jkniiida 
dragged  after  it  by  >  wire. 

Thii  is  sarely  a  Tery  remarkable  phenoroenon,  find 
what  no  person  would  have  thought  possible,  that  a  fluid 
80  rare,  and  so  yielding  as  air,  should  oppose  sudh  a  re- 
sistance. Y^t  had  the  military  gentlemen  who  h|ui  the 
science  or  the  art  committed  to  their  hands  fol*  improre-* 
ment,  condescended  to  study  the  prcfpositions  published 
by  Newton  more  than  SO  years  before,  they  would  hare 
seen  that  this  resistance  cpuld  not  be  less  than  5  pounds. 
For  this  magnitude  results  from  Ne^ton^s  theorems  by  the 
most  simple  calculations.  But,  as  has  been  already  ob- 
served, they  did  not  imagine  that  the  velocity  of  i^  musket 
ball  was  nearly  so  great  as  Mr  Robins  found  it. 

In  another  experiment  Mr  Robins  found 
at  3$  f<pet  distance  the  velocity  1690 

176  130Q 

difference      390 
This  retardation,  when  considered  in  the  sam^  manner^ 
shews  a  resistance  equal  to  }li  pounds,  or  138  times  the 
weight  of  the  ball. 

In  another  experiment,  in  which  the  velocity  was  llOQ 
feet  per  second,  Mr*  Robins  found  the  resistance  only 
33^  times  the  weight  of  the  ball. 

Here  is  a  new  field  of  experiment  opened  to  those  who 
wish  to  infprove  this  art,  or  the  science  of  the  resistance 
of  elastic  fluids,  It  is  surprising  that  it  has  not  been  oc- 
cupied by  any  philosopher  or  artillerist,  and  that  they 
have  been  contented  with  the  experiments  of  the  inge- 
nious discoverer.  Mr  Robins  has  indeed  made  a  great 
number— but  few  of  them  have  been  published.  Ilis  own 
curiosity  was  greatly  excited  by  the  curiosity  of  the  dis- 
coveries  that  he  had  already  made,  and  their  importance 
for  establishing  some  general  laws  on  this  subject.  His 
death  has  therefore  been  an  irreparable  }qs8. 
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BjT  comparing  a  great  rariBty  of  experiments  made  at 
now  described,  Mr  Robins  found  that  when  he  compared 
the  resistance  to  slow  motions  with  those  having  the  ve« 
locitj  of  1600  or  1700  feet  per  second,  on  the  supposition 
that  they  increased  in  the  duplicate  ratio  of  the  velocity, 
the  resistance  to  those  rapid  motions  deviated  from  this 
proportion  in  the  ratio  of  3  to  1  nearly,  or  were  nearly 
thrice  as  great  as  on  this  supposition. 

When  the  vdocity  was  only  1 100  feet  per  second,  the 
deviation  from  the  duplicate  ratio  of  the  velocity  was  in 
the  proportion  of  11  to  7,  still  very  great,  but  far  from^ 
the  former. 

In  all  cases  Af  r  Robins  found  the  resistances  to  exceed 
those  of  the  Newtonian  theory  pretty  considerably,  even 
in  the  slowest  motions,  and  that  they  deviated  more  and 
snore  from  the  di^ilicate  ratio  of  the  velocity  as  the  velo* 
cities  increased.  It  is  surprising  that  this  assertion  of  Mr 
Robins  has  not  excited  some  of  the  eminent  mathemati- 
cians to  a  repetition  of  the  experiments.  Some  of  tliem 
have  published  most  elaborate  dissertations  on  the  theory 
of  resistance  in  elastic  fluids.  These  theories  seem  in- 
compatible with  this  fact,  unless  some  elements  be  taken 
in  of  which  they  make  no  mention.  At  any  rate,  a  coU 
lection  of  experiments  made  in  the  manner  we  have. de- 
scribed, on  all  velocities  from  100  feet  per  second  up  to 
9000,  would  be  of  more  service  both  to  mechanical  science 
and  to  the  art  of  artillery  than  any  thing  that  has  yet 
been  done,  and  till  we  get  such  a  collection,  all  our 
theories  must  be  very  imperfect,  and  probably  very  erro- 
neous. 

191.  Mr  Robins,  in  the  course  of  those  experiments  on 
the  resistance  of  the  air  made  a  curious  observation.  In 
very  moderate  velocities  the  retardations  were  nearly  as 
their  squares.  As  the  velocities  were  increased  the  resis- 
tances increased  at  a  somewhat  greater  rate,  but  with  a 
certain  observable  regularity,  till  the  velocity  exceeded 
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1 100  feet  per  second.  But  when  the  yelocitj  is  increased 
from  1100  to  1200,  the  increase  of  resistance  is  prodi- 
gious. After  this  the  resistance  goes  on  increasing  nearly 
with  its  former  regularity. 

,  This  is  a  singular  fact^  that  there  should  be  such  a 
jump  io  the  variation  of  the  resistances.  Mr  Robins 
guesses  at  the  cause  of  this,  with  great  probability  of  be- 
ing rightl  As  the  ball  rushes  through  the  air,  the  air 
fails  in  behind  it,  being  pressed  in  by  the  weight  of  the 
surrounding  air.  The  ball  may  move  so  rapidly,  that  thti 
air  cannot  fill  up  the  place  left  by  the  ball.  In  this  case, 
the  ball  is  retarded,  not  only  by  the  resistance  of  the  air 
which  it  displaces,  but  also  by  the  statical  pressure  of  the 
atmosphere.  This  last  is  nearly  equal  to  the  pressure  of 
12  pounds. — Now  we  can  tell  the  velocity  with  which  the 
air  can  fall  in  behind  the  ball.  This  must  be  the  same 
with  which  it  can  rush  into  a  void.  This,  by  calculation, 
is  about  1100  or  1200  feet  per  second. 

It  is  remarkable  that  this  is  also  nearly  the  velocity  of 
sound,  and  there  is  an  observation  of  this  kind  which 
seems  to  have  some  connection  with  the  mechanical  fact 
observed  by  Mr  Robins.  If  a  person  stand  in  such  di« 
rection  from  a  cannon  when  it  is  discharged  that  the  ball 
may  pass  him  at  no  great  distance,  he  will  hear  the  noise 
made  by  the  ball  rushing  through  the  air  all  the  time  of 
its  flight,  and  as  the  ball  approaches  him,  the  noise  should 
become  more  audible.  But  he  will  hear  the  noise  loudest 
•at  the  very  first,  immediately  following  the  report  of  the 
gun  ;  and  after  about  two  seconds  he  may  observe  the 
sound  chai>ge  all  at  once,  and  not  only  become  more  faint, 
but  even  change  its  kind,  after  which  the  sound  increases 
as  the  ball  comes' nearer.  It  seems  highly  probable  that 
this  abrupt  alteration  in  the  sound  takes  place  just  at  the 
time  that  the  resistance  undergoes  such  a  change ;  and  that 
it  is  o^ing  to  the  difference  in  the  nature  of  the  undulations 
when  there  is  a  void  b^ind  the  ball,  a^d  when  there  is 


PROJECTILES.  SOI 

not.  Thitt  there  is  such  a  difference  in  the  primitive 
agitation  of  the  air^  is  confirmed  by  observing  the  way  in 
which  water  falls  in  behind  a^  stick  drawn  through  it. 
When  the  motion  of  the  stick  is  rapid,  a  void  is  left  be* 
hind  it,  to  a  considerable  depth,  and  the  agitation  of  the 
water  is  extremely  different  from  what  may  be  observed 
in  slow  motions. 

192.  From  the  preceding  observations,  Mr  Robins  in-» 
fers  that  great  charges  of  powder  are  absolutely  useless 
in  the  service  of  artillery,  especially  when  the  distance  of 
the  object  is  considerable.     If  we  would  increase  the  ve« 
locity  from  1600  to  £000,  we  must  employ  half  as  much 
more  powder,  with  a  hazardous  strain  to  the  gun,  and 
the  velocity  will  be  reduced  to  1300  before  the  ball  has 
proceeded  500  yards.    Had  it  been  dischai'ged  with  the 
Yelodty  1600,  it  would  have  retained  12U3  at  that  dis- 
tance,  leas  thap  the  other  by  8  feet  only.     The  velocity 
1000  requires  only  one-third  of  the  powder,  and  at  the 
same  distance-  the  remaining  velocity  is  very  nearly  900. 
We  may  certainly  say  that  a. velocity  exceeding  1100 
should  not  be  aimed  at,  because  it  is  so  rapidly  reduced 
by  the  great  resistance.    But  this  subject  will  come  bet- 
ter before  us  when  we  are  considering  the  action  of  ex- 
panding fluids,  and  we  shall  then  take  occasion  to  distin* 
guish  those  cases  of  service  which  render  the  increase  of 
velocity  useful,  as  in  the  battering  in  breach,  in  order  to 
cut  through  the  revetement  of  a  fortification  at  the  bot« 
tom.     Here  a  deep  penetration  is  necessary^  which  de* 
pends  on  a  great  velocity,  although  the  shot  be  not  so 
heavy.     Whereas,  in  the  subsequent  battering  down,  a 
great  momentum  with  a  heavy  ball,  though  moving  more 
slowly,  is  found  more  effective  in  shaking  down  the  un- 
dermined mass. 

193.  Mr  Robins  made  another  curious  and  original  ob^ 
servation  in  the  course  of  his  experiments.  He  found 
that  shot  not  only  deflected  downward  by  the  continual 
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•ctlbn  of  graritf ,  but  went  freqimtly  to  <jie  right  or  to 
tlie  left  of  the  yertical  plane  paMiog  tilrocigh  the  axis  ol 
the  gun.  He  ^aeoTered  tfiat  this  was  owing  to  the 
knocking  of  the  ball  <m  the  «de  of  the  chace  or  barrel  aa 
it  went  along)  so  that  at  leaving  the  muzsle  of  the  gun, 
it  had  generalljr  a  rmrj  rapid  rotation  round  an  axis. 
This  rotation  was  altogether  uncertain,  both  as  to  its  di- 
rection bad  tts  velocity.  The  efTect,  however,  was  verj 
manifest ;  one  side  of  the  bail  was  moving  in  the  diree* 
lion  of  the  projection,  and  the  other  side  was  moving  in 
the  opposite  direction.  From  this  most  result  a  force 
that  continually  deflects  the  ball  toward  that  side  that  is 
moving  backwards  Mr  Robins  proved  this  by  discharges 
from  a  crooked  barrel,  which  caused  the  ball  always  to 
whirl  in  ootjs  way,  and  he  found  the  deflection  to  be  al- 
ways toward  that  side  from  which  the  barrel  b«it  away, 
that  is,  toward  that  side  on  vrbich  the  line  of  the  barrel 
is  cocivez. 

Great  care  ^Qttld  therefore  be  taken  to  prevent  this 
firhirling  motimi  of  shot.  No  more  windage  should  be 
allowed  than  what  is  sufficient  for  passing  the  drawing  ladle 
round  the  shot,  to  bring  it  out.  When  the  exact  aim  is 
matter  of  peculiar  consequence,  it  would  be  advisable  to 
use  oval  bullets,  whidi  cannot  turn  in  the  barrel  of  the 
piece,  or  to  case  them  in  canvas,  orotherwise,  so  that  they 
phall  need  to  be  rammed  down. 

.  The  surer  aim  that  may  be  taken  with  a  rifled  piece, 
depends  on  th^  rotation  of  the  ball  being  secured.  It  must 
be  round  the  line  of  its  motion;  for  the  effect  of  the  rifles 
in  the  barrel  is  to  make  the  ball  make  half  a  turn  or  a 
whole  turn  round  the  aais  of  the  barrel  as  it  goes  along 
it,  apd  it  continues  this  motion  very  nearly  in  the  direc- 
tion of  its  flight.  This  steadying  effect  of  a  rotation  round 
the  line  of  motion,  is  plainly  seen  in  a  common  shuttle- 
cock, which  flies  quite  wild  unless  it  twist  briskly  round 
its  axis.  In  like  manner,  there  is  a  great  nicety  in  putting 
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on  the  festhfirt  of  m  inow.  They  Aould  be  so  pbced^ 
that  in  looking  along  any  of  the  feathers,  the  point  of  the 
arrotr  shonld  i^^pear  aap*  t  half  an  inch  to  the  left  hand 
of  the  direction  of  the  feather.  Sncfa  an  am)W|  let  faH 
With  ita  point  dowtfi,  will  Misitily  turn  n>i|ad  its  axis.  If  it 
tnm  briskly,  tiie  feathers  are  too  dblique,  and  will  gireatly 
iibpede  its  progressiye  motion.  Bot  it  will  fly  more  true. 
Small  pieces  of  ordnanqe  hare  been  made  with  rifled 
barrels,  and  the  balls  cast  with  protuberances  to  fit  them. 
Their  motion  has  been  extremely  steady,  but  tbeir  force 
is  so  mtich  diminished  by  this  great  increase  of  resistance, 
that  the  contrivance  has  been  given  up  as  unserviceable. 

194.  It  has^  been  thought  indispensality  necessary  td 
make  tlie  axis  of  the  trunnions  of  a  cannon  considerably 
below  th^  axis  of  the  chace.  It  is  thought  that  if  made 
oCberlvise,  the  trunnions  have  not  sufEdent  connection 
with  the  metal  of  the  gun.  Bqt  the  effect  of  this  is  hurt- 
ful  to  the  certaipty  of  the  ^im,  and  has  other  inconveni- 
ences. For  the  axis  of  the  barrel  being  above  the  axis  of 
the  gun^s  motion,  the  pressure  of  the  powder  on  the  breech 
teilses  the  breech  tp  press  strohgly,  and  with  a  jerk  on  the 
bed  or  quoins  which  support  it,  by  which  the  muaale  is 
made  to  spring  up  in  the  instant  that  tbe  ball  is  going 
along  the  barrel,  and  it  js  thus  deranged  from  the  aim 
given  it  by  the  gunner,  It  is  also  this  violent  thump 
given  by  the  breech  of  the  gun  to  the  carriage  that  causes 
the  gun  to  spring  up  again.  This  is  extremely  trouble- 
some. It  is  most  remiMrkable  in  guns  upon  field  carriages, 
owing  to  the  greater  elasticity  of  the  long  sides  of  the 
carriage.  But  it  U  very  troublesome  also  on  garrison  and 
ships  carriages,  particularly  in  the  latter,  causing  the  gun 
to  strain  or  disorder  the  breeching,  and  even  sometimes  to 
strike  the  deck  above. 

195.  All  this  would  be  avoided  by  placing  the  axis  of 
the  trunnions  on  the  line  crossing  the  axis  of  the  barrel  at 
right  angles.    This  was  done  with  complete  effect  in  a 
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9et  of  guns  made  in  1759»  for  a  fine  privateer  frigate, 
built  by  the  late  admiral  Sir  Cliarles  Knowles.  These 
guns,  having  the  breech  supported  (for  the  experiment) 
bj  a  thin  chip  band-box  were  repeatedly  dbcharged  with- 
out making  any  impression  on  it.  A  nine*pounder  of 
the  ordinary  form  was  tried  along  with  them,  its  breech 
being  supported  by  a  little  oaken  box  almost  an  inch  thick. 
The  first  discharge  crushed  it  to  pieces. 

196.  The  same  effect  is  observed  in  small  arms.  The 
line  of  the  barrel,  produced  backward,  passes  considerably 
ftbove  that  part  of  the  but  end  which  is  applied  to  the 
shoulder,  and  when  the  piece  is  discharged,  it  never  fails 
to  rise  above  the  direction  intended  for  the  shot.  It  is 
still  worse  in  putois.  These  are  made  almost  in  the  most 
unserviceable  form,  the  line  of  the  barrel  passing  so  far 
above  that  part  of  the  but  end  which  is  grasped  in  the 
band,  that  the  pistol  starts  wide  of  the  direction  in  which 
we  think  to  discharge  it,  and  it  is  only  by  practice  that 
w^  can  learn  to  take  a  tolerably  good  aim  with  a  pistoL 
They  would  be  greatly  improved  by  making  their  but  end 
exactly  in  the  form  of  a  joiner^s  smallest  saw,  which  I 
think  is  called  a  tenon  saw.  If  thus  shaped,  with  the 
barrel  pointing  backward  to  the  convexity  which- fills  the 
grasp  of  the  band,  they  would  be  perfectly  steady  in  the 
firing, 


205 


OP  CORPUSCULAR   FORCES 


IN  GENERAL. 


1974  Wb  ha^e  explained  in  sufficieht  detail,  the  chief 
phenomena  which  result  from  the  heaviness  of  bodies  in 
motion.  The  exquisite  agreement  between  the  legitimate 
deduction  from  the  premised  principles  of  dynamics  with 
these  phenomena,  has  had  the  double  effect  of  giving  us 
the  grounds  of  a  complete  confidence  in  the  truth  of  those 
principles^  and  in  thtir  competency  to  the  explanation  of 
the  appearances  of  nature. 

The  ef%cts  of  the  heaviness  or  gravity  of  bodies  will  be 
found  to  mix  with  those. of  every  other  property,  which 
observation  shall  shew  us  to  be  found  in  all  matter,  and 
therefore  we  must  carefully  separate  the  effects  of  gravity 
from  the  other  circumstances  of  the  complicated  phenome- 
non, before  we  presume  to  make  any  inference  in  support 
of  the  existence  and  the  nature  of  any  other  property  which 
we  may  suppose  the  subject  to  possess. 

Proceeding  according  to  the  method  proposed,  we  must 
now  consider  the  phenomena  which  indicate  a  mechanical 
property  of  existing  matter^ .  that  seems  next,  in  respect 
of  its  generality  or  extent,  to  gravity. 
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198.  Motion  is  continued  or  preserved  in  bodies  hj  the 
perseverance  or  inertia  of  matter.  It  is  necessarily  com- 
municated to  other  bodies  by  this  sensible  impenetrability. 
It  is  modified  by  the  action  of  gravity,  so  as  to  produce 
all  the  variety  of  mechanical  changes  that  we  observe. 
But  this  conservation,  ooidmunication,  and  modification 
of  motion,  are  susceptible  df  infinite  varieties  by  circum- 
stances which  seem  to  characterise  different  classes  of 
bodies,  and  make  them  appear  of  very  different  natures. 
A  ptecjs  of  glass  lies  stiU  on  a  table^  or  slides  down  an  in- 
clined plane.  It  sinks,  if  laid  on  the  surface  of  water-— it 
rises  to  the  surface^  if  plunged  into  quicksilver — ^it  makes 
a  pit^  if  it  fall  on  clay,  but  rebounds  if  it  fall  on  glass, 
and  is  sometimes  shitered  into  pieces^the  ball  which  hits 
another,  drives  it  before  it,  if  it  be  elastic'^but  only  ^carries 
it  along,  if  uncllastic^  or  goes  through  it  if  soft  A  vessel 
filled  with  grain  will  allow  it  to  heap  above  the  brim« 
Water  will  not  heap  in  this  manner.  If  the  vessel  have  % 
lenki  a  little  of  the  grain  will  faU  out,  with  the  velocity 
with  which  any  heavy  body  begins  to  fall,  and  the  greatest 
part  will  remain  behind.  If  it  be  filled  with  water,  the 
Water  begins  to  flow  otit,  with  a  much  greater  velocity, 
and  it  runs  all  out.  If  one  part  <^  a  piece  of  wood  be 
gently  struck^  the  whole  is  moved  together.  If  one  pert 
of  a  parcel  of  sand  be  struck  ever  so  gently,  it  is  moved 
alone,  and  the  rest  remain  still.  If  the  air  be  comprised 
in  a  vessel,  and  an  opening  be  made,  it  rushes  out  with 
f  iolence  and  will  drive  a  ball  before  it,  as  we  see  in  the 
air  gun^  But  should  we  compress  water  in  it  with  triple 
cr  quadruple  force,  no  such  violent  efflux  is  observed.  A 
bit  of  silver  will  lie  for  ever  at  the  bottom  of  a  glass  of 
water.  It  will  soon  rise,  and  be  uniformly  disseminated 
through  the  whole  of  a  glass  of  aquafortis.  It  will'  re- 
main in  this  diffused  state,  if  we  add  a  little  brandy-4t 
will  all  fall  to  the  bottom,  if  we  add  a  little  spkit  of  harta- 
horn. 
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Itappean,  therefore,  that  our  knowledge,  even  of  the 
changes  of  motion,  is  incomplete,  till  we  know  ita 
in  consequence  of  the  hardness,  softness, 
fluidity,  or  aerial  form  of  bodies ;  and  that  our  knowledge 
of  those  internal  motions   which  produce  the  senaibU 
changes  of  form  in  the  phenomena  of  chemistry  and  phy* 
siology,  is  really  nothing  till  we  understand  the  circum^ 
stances  on  which  those  changes  depend.    We  might  in* 
deed  consider  hardness,  softness,  elasticity,  and  fluidity 
as  phenomena,  describing  exactly  those  forms  of  aggre* 
gationj  and  then  proceed  to  consider  the  mechanical  con^ 
sequences  dedacible  from  those  forms.'  But  it  will  be 
more  suitable  to  the  nature  of  philosophical  research,  and 
more  satisfactory  to  the  curious  mind,  if  we  can  discover 
some  principle  of  connection,  or  some  eircuinstance  of 
resemblance,  among  those  forms,  the    modilicatimi  of 
nrhich  produces  those  distinguishing  appearances,   and 
which  mmediatdy  operates,  even  in  the  mechanical  phe^ 
aomena  that  we  observe,  and  which  it  is  mir  peculiar  pn^ 
frince  to  study.    Should  we  be  so  fortunate  as  at  the  same 
time  to  acquire  such  a  knowledge  of  this  connecting  prin- 
ciple as  will  tend  to  explain  those  dUferences  of  form,  and 
regulate  the  effects  of  the  different  modifications  of  tan* 
gible  matter,  it  is  plain  that  we  gain  a  considerable  ex* 
tension  of  our  knowledge,  and  that  we  have  a  better 
chance  of  being  able  to  comprehend  the  nature  of  those 
operations -of  natural  causes  which  are  the  subjects  of 
chemical  and  physiological  science. 

199.  I  shall  therefore  think  oar  attention  very  pnv- 
perly  bestowed  on  a  few  pages,  in  which  I  shall  endea- 
vour to  explain,  or  at  least  to  describe,  the  chief  appear- 
ance4  of  that  property  of  matter  by  which  many  paiu 
ticles  are  united  in  one  mass,  having  different  degrees  of 
connection,  from  the  greatest  hardness  to  the  most  per- 
fect fluidity.  It  is  usually  called  the  Power  of  Conasioir, 
the  power  by  which  the  particles  of  tan^ble  matter  co- 
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here.  This  name  is  perhaps  as  proper  as  any,  and,  like 
the  tferm  Gravity,  is  merely  the  expression  of  what  we 
conceive  to  be  its  effect.  It  may  indeed  be  objected  to 
this  denomination,  that  it  does  not  seem  to  include  that 
mode  of  aggregation  that  we  call  aerial  or  gaseous,  in 
which  the  particles,  instead  of  cohering,  or  manifesting 
any  tendency  to  unite  in  one  mass,  shew,  on  the  contrary, 
a  tendency  to  separate  farther  from  one  another.  For 
all  such  expansive  fluids  se^m  to  require  external  com* 
pression  to  prevent  this  separation.  The  objection  is  not 
improper,  and  were  it  possible  to  find  a  word  in  our  lan- 
guage which  would,  in  its  common  use,  include  this  rela- 
tion, manifested  in  many  cases  between  the  particles  of 
matter,  it  should  be  preferred.  But,  unless  we  multiply 
the  denominations  of  the  properties  of  existing  matter^ 
almost  without  end^  we  shall  not  find  words  sufficiently 
precise.  It  is  too  precipitant  to  ascribe  the  phenomenon 
to  a  different  power  of  nature,  unless  our  knowledge  of 
the  other  is  so  distinct  aiid  clear  that  we  are  certain  that 
this  phenomenon  cannot  be  expUined  by  any  of  them^ 
Besides^  the  most  coherent  bodies  are  perhaps  similar  in 
this  respect  to  the  expansive  fluids.  That  external  pres- 
sure forces  them  into  smaller  room  we  are  certain,  by 
experience.  It  is  reasonable,  therefore,  to  believe,  that 
when  the  pressure  of  the  atmosphere  is  removed,  they 
oecupy  larger  dimensions,  although  the  difference  is  too 
small  for  our  perception.  And,  on  the  other  band,  there 
is,  in  all  probability,  a  certain  distance  between  the  par- 
ticles of  air,  at  which  their  evasive  or  repulsive  tendepcy 
ceases.  This  must  be  the  case  at  the  top  of  the  atmo- 
sphere, for  there  gravity  has  no  tendency  to  compress 
the  superficial  particles. 

200.  It  will,  on  the  whole,  be  better  to  consider  this 
property  which  modifies  and  regulates  the  sensible  forms 
and  mechanical  relations  of  .tangible  matter  more  genev 
rally.    And,  as  its  distinctive  effects  are  immediately  re- 
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ktive  to'  the  insensible '  particles,  and  more  remotely  tO' 
the  masses  composed  of  them,  we  may  call  it  the  corpus-^ 
cuLAR  FOKCEj  Rnd  the  corpuscular  action  of  matter. 

^1.  I  have  called  ii  a  force,  meaiding  by  this  term 
whatever  is  the  immediate  cause  of  a  cllange  of  motion* 
That  property  by  which  the  particles  of  matter  cohere, 
has  undoubtedly  a  title*  to  this  denomination.    Our  very 
first  conceptions  of  it  state  it  in  pj^position  to  mechanical 
forde^  and  as  balancing,  to  a  certaih  degree,  that  force; 
for  the  most  otArioiis  appearanbe  of  it  is  the  resistance 
made  to  our  attempts  to  separate  the  coHei^ing  particles.' 
We  kiiow  that  the  partitle^  of  wood  coh^r^  with  forced 
because  it  requires  forte  to-  separate  them  ;  and  we  give 
to  cohesion  different  degrees  of  force,  measured  by  the 
forces  which  are  jiist  hot  able  to  separate  the  paHs  of  the 
coherent  body.     Cohesion  prenents  itself  to  us  as  a  force 
in  the  most  familiar  and  palpable  conceptiOii  of  the  term, 
an  obstacle  that  resists  our  strain  e:iterted  to  separate  the 
parts  of  the  body,  ih  the  very  same  way,  and  exciting  the 
same  feeling;  as  if  a  man  wtre  pulling  against  xib*     But 
cohesion  has  also  eiery  phUf^aphicd  title  to  the  appella^ 
lion  of  Force — it  is  a  moving  force ;— 4br  when  1  push  or 
pull  one  part  of  a  firm  body,  the  remote  parts  of  this 
body  are  put  in  motion^  although  I  have  not  eierted  any 
of  my  force  on  thenl.     How  is  this  eilbcted  ?  '  Solely  by 
what  I  have  called  corpuscular  actidm     We  cannot  con- 
ceive an  atom  of  matter  as  moved  from  its  place  unless 
a  moving  force  acts  oh  it.      There  must   therefore  be 
something  in  the  parts  to  which  I  apply  my  force,  which 
occasion^  a  moving  force  to  be  excited  in,  or  exjerted  on^ 
every  |[»article  that  is  moved.    Did  I  apply  the  same  ex* 
ertion  to  part  of  a  parcel  of  sand,  I  should  move  what  I 
acted  on,  but  no  more ;  and  I  should  infer  that  the  par»- 
ticles  of  sand  do  not  cohere.     The  oohe^sion  is  invariably 
inferred  from  the  motion,  uid  cohesion  is  conceived  as  a 
xnoving  force.    lA  strldt  language  the  word  Cohesion^  Ilk? 

VOL.  I,  .  o 
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GravkfttiMi  » tmly  a  term  for  the  fiMst^  that  tke  fatts 
oabere^  but  tre  hare  used  it  alio  to  txpfets  tfaat  pMrtr^ 
that  forfie»  whidi  pft>di]cef  the  cohaioii. 

We  aee  pkrfnljr  tfait  the  foue  of  cahemn  is  sutceptftte 
of  dagrete,  aiMl.  t2iat  tkase  are  Bieanirdide,  whathcr  ft  be 
(SaMidered  ia  a  mere  fetraini  or  as  a  aioyiiig  fbnse.  The 
oohaskm  of  a  siriag  aisj  not  only  balatioe  a  strain  equal 
to  two  pMndi,  while  it  yields  to  a  atrain  of  three  poands^ 
bat  we  find  abo  tiiat  it  b  sufficient  to  twitch  suddenly  a 
pound  ImiII  into  a  moderate  motion^  hut'  will  be  br#ken 
if  we  attempt,  by  a  ttone  Ttoknt  twitch*  to  foroe  the  ball 
into  a  more  rapid  mdiioay  or  to  foroe  a  larger  ball  into  an 
equal  motion*  In  theee  last  instances  we  consider  cohe- 
iita  ^  a  moving  force.  . 

The  consideration  wkich  now  excites  the  curEoeity  of  the 
philosopher  is  the  manner^  or  the  means  by  which  n  tatc9 
applied  to  one  part  of  ah  assemUage  of  partieles  mutually 
related  by  this  coipuscu W  forcc^  aflecta  all  the  rest  of  the 
aasembl^fe.  An  ordinary  observer  finds  no  difficulty  iu 
the  matter;  the  partt,  aaya  he,  cofaese,  and  therefore  tbe 
distant  paits  are  moved.  But,  in  like  manner,  he  would 
find  BO  dificuky  in  accounting  for  an  egg^e  being  crushed 
by  n  man  standing  on  it  (  the  man,  he  aays,  h  heavy,  and 
^refoiie  bis  weight  must  crush  the  egg.  We  have  seen^ 
however,  thut  this  question  haa  greatly  agitated  the  phi* 
losophem,  and  that  they  are  not  yet  agreed  about  the 
canm  of  this  prenuie  of  gravity*  They  cannot  explain 
it  any  other  wny  than  by  calling  it  a  property  of  matter; 
and  thia  is  acknowledged  to  be  nd  enpbinntion  at  all.  80 
has  the  question  coneeming  the  cohesion  of  matter ;  and 
many  and  viurioua  opinions  have  been  entertained  about 
tbe  nature  of  the  force  of  cohesion  and  all  vta  modificU'- 
tions.  But  it  is  nmst  probable  that  our  attempts  to  ex^^ 
plain  it,  that  is,  to  deduce  it  from  more  simple  or  origi- 
iud  prindples,  so  as  to  be  aide  to  state  cohesion  aa  an  ef- 
fettj,  wJU  ht  as  firaitlem  as  they  have  been  in  the  case  ai 
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gittritjr;  ted  tliat  it  will  he  moiv  prudent  ia  us  t«  sbstiia 
froih  the  reaearch,  and  leontenfc  mttnelires  whii  coilectiii^ 
the  lairs  by  wfaich  the  apelratialls  lef  this  force,  whateret 
it  is,  are  regalated.  Bj  this  plrocedure,  becoming  tlie 
BBttdestjr  t>f  limited  inteliects,  Newton  iMkft  enriched  seienee 
with  an  immeMe  bddj  ef  curtbus  and  iiaeful  Inowtedge^ 
0f  Wliicii  a  brief  account  has  been  giv«n  akeadf . 
•  I  shall  not  therefiire  enqpldj  amf  time  in  staling  and 
anefuting  inaiijr  diifierenC  hjrfMitheses  which  haris  been  pr»- 
jpDsed  far  ezpiaiaii^  cafao&on.  Thef  may  be  ieen  in  se- 
Mral  {lerformances  of  the  17th  ctetury^  psrtisalarly  in 
Muschenbroek'^  postfaulnoHs  Systeih  nf  Natural  Fhitth 
aaphy. 

Onrviearch  after  the  taws  of  eohesiaa  wtH  »it  indeed 
lead  US  into  suich  magnificent  scenes  of  c5nlen4>Iation  as 
filled  the  admiring  mind  of  Newton.  But  we  shall  find 
it  full  of  very  interestihg  and  unexpected  ebjects,  ofafecte 
iA  whidi  the  beavt^fill  iynsmetry  of  MtliFe,  and  the  tran* 
flcebdent  wisdom  of  iti  atttfamr,  are  Written  in  the  most 
legble  chamtters.  Examples  of  manifest  subserriiency 
to  die  most  useful  pmficaes  wiU  be  eeen  in  many  quarters 
^f  this  TMried  filcene. 

209.  The  phenomeda^  whibh  resnlt  from  the  operaticm 
int  those  imtnral  powe^  which  produce  the  eolMion  of 
tangible  matter^  ar^  so.  tanous  and  even  diisimilari  that  It 
is  not  easy  to  form  a  plan  by  which  our  inquiries  may 
proceed.  I  think  that  it  will  greatly  assist  us  in  this  respect^ 
if  we  set  out  with  an  observation,  or  rather  a  eoi^ture 
lif  Sir  Isaac  Newtbrt;  ithich  he  formed  very  early  in  lift> 
4Mid  seems  to  have  be^i  more  and  more  thoroughly  can- 
finned  in  as  his  tfbdervatiobs  of  nature  were  multi- 
plied and  extended.  Sir  Isilac  Newton  says^  in  the  first 
edition  of  lis  f^rinciples  of  Natural  Philosophy,  that 
iu  the  iHstant  bodies  of  the  visible  universe  ^e  con- 
tiected  by  gravitation^-  30  the  particles  of  which  those 
bodies  eodsist  are  conntecttd  by  mechanical  forces^  vriiich 
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are  exerted  only  at  those  small  and  imperceptible  dis* 
tances  which  determine  their  peculiar  densities ;  and^  as 
the  regular  motions  of  the  planets  are  distinctly  explain- 
ed by  considering  them  as  instances  of  mutual  deflections 
towards  one  another^  by  the  action  of  a  force  inrersely 
proportional  to  the  square  of  their  distances,  so,  sajra 
he,  all  the  changes  which  are  observed  in  common  tan- 
^ble  matter  may  be  explained  by  shewing  them  to 
be  examples  of  mutual  inflections  or  tendencies  to  itt<» 
flection,  by  the  action  of  a  force  varying  according  to 
some  law  of  the  distances,  which  we  may  perhaps  be 
able  to  determine  by  means  of  the  phenomena.  He 
says  that  he  has  actually  observed  that  some  bodies  act 
on  others  without  coming  into  mathematical  contact,  in 
a  way  similar  to  the  action  of  inagnetical  and  electrical 
bodies,  that  is,  they  sotnehow  cause  those  other  bodies  to 
approach  them,  or  to  recede  from  them,  which  phenomena 
we  commctoly  call  Attraction  *  and  Repulsion.  He  has  ob^ 
senredi  that  when  the  distance  between  them  is  less  than 
a  certain  very  minute  quantity  (about  the  800)  of  an 
inch,  the  bodies  are  uniformly  attracted,-*at  a  distance 
a  little  greater  they  are  repelled,  and  at  a  distance  still 
greater,  but  within  certain  limits,  they  are  again  attracted. 
He  has  observed  several  alternations  of  this  kind  in  the 
motion  of  light,  as  it  passes  near  to  any  «olid  body,  such 


*  ShoiiM  I,  in  imitation  of  Newloil,  call  this  force  attraetioii,  I  do  not 
mean  to  explain  the  phenomena  by  attraction  as  a  physical  tausei  hot 
mtrely  employ  a  word,  perhaps  not  very  well  chosen,  as  a  general  term 
for  a  vtfry  general  phenomenon.  The  elMieavour  or  eilbrt  to  approach*  and 
the  resistance  to  separation,  are  phenomena  as  much  alike  as  the  acceJera* 
tion  of  a  falling,  and  the  retardatiort  of  a  rising  body.  They  are  so  inse- 
parably  cunnected  that  we  cannot  but  consider  therti  as  phenolnena  of  the 
same  kind,  indicating  the  same  cause  or  power.  These  tendencies  are  of 
the  same  nature,  whether  the  distances  of  the  Jiarts  so  related  be  great  or 
small.  If  attraction  he  a  suitable  denomination  for  the  mututd  approach  of 
distapt  bodies,  it  is  no  less  suitable  to  the  resistance  which  the  touching 
particles  of  a  body  manifest  to  separation.  I  do  not  mean  to  decide  as  te 
the  cauMof  either,  and  merely  consider  them  as  similar  phenometuu 
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18  a  pin,  cor  the  edge  of  a  ruler  or  the  like«  All  the  at- 
tempts of  philosophers  to  explain  the  motions  of  the 
planets,  or  of  magnetical  and  electrical  bodies,  by  the 
mechanicai  impulsion  of  sthers,  magnetical  and  electric 
fluids,  failed  of  this  purpose  when  examined  by  the  severe 
laws  of  mechanism,  and  nothing  seemed  to  remain  but  to 
acknowledge  the  agency  of  centripetal  forces,  whether 
intrinsic  in  the  central  or  in  the  attracted  body,  or  in 
both.  Sir  Isaac,  many  years  after  this  first  intimation  of  his 
conjecture,  when  his  experiments  in  every  branch  of'  na- 
tural knowledge  had  given  him  much  more  information, 
riiewing  him  this  corpuscular  action  in  a  vast  variety  of 
forms,  says,  in  his  Optics,  published  in  1706,  that  he  is 
much  disposed  to  think  that  the  phenomena  of  cohesion, 
and  all  the  hidden  motions  in  chemical  changes,  are  pro- 
duced in  the  same  way,  that  is,  by  attracting  and  re- 
pelling forces,  which  ar^  exerted  only  at  those  small  and 
insensible  distances  that  intervene  between  the  particles  of 
tangible  matter. 

803^  That  this  was  not  a  transient  conjecture,  but 
that  it  had  the  full  ibsent  of  his  understanding,  is 
evident  from  the  extensive  application  that  he  makes 
of  it  to  the  -explanation  of  the  most  remarkable  phe- 
nomena of  chemistry,  such  as  solution,^  predpitation, 
crystallisation,  fermentation,  &c.  occupying  many  quarto 
pages,  and  the  frequent  allusion  to  those  reflections  in 
other  parts'  of  his  writings ;  and,  to.  define  more  pre- 
cisely what  he  meant  by  all  this,  the  last  phenomenon 
which  be  attempts  to  explain  by  it  is  the  reflection  and 
refraction  of  light.  Now  this  had  been  explained  in  his 
Principia,  on  priMciples  precisely  similar  to  those  employed 
in  explaining  the  phenomena  of  the  solar  system,  viz.  by 
the  action  of  deflecting  forces. 

Since  Newton  considers  the  cohesion  of  tangible  mat- 
tec  as  effected  in  the  satne  way,  it  is  plain  th^t  he  con- 
ceived f^l  such  masses  as  consisting  of  a  nucfiber  of  dis* 
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Crete  particles  or  atomd,  vhkh  are  hdd  ia  tbeir  places  b^ 
the  balanced  action  of  those  corpaseular  forces.  In  this 
xespect,  therefore,  Newton  majr  be  said  to  hare  rmve^ 
Ihe  ancient  alomislical  doetriae,  but  with  this  capUal  dis- 
tinction, that  the  atoms  are  not  cont^uoiiSj,  but  separated 
from  one  another. 

I  do  not  see  hpw  this  notion  of  the  intimate  constitntion 
of  tangible  nwtter  can  be  entertained,  without,  at  the  same 
time,  conceiTing  the  forces  which  connect  them  af  inhe- 
rent in  them,  or  somehow  belonging  to  them,  Bke  th^ 
%MMm^  of  the  ancient  philosophers,  bj  which  one  kind  of 
substance  was  distingmshed  front  another. 

I  do  not  speak  of  what  a  philosopher  thinks  himself 
warranted*  or  obliged  to  do,  aftev  a  scrupulous  considera- 
tion  of  the  sul^ect,  but  of  what  he  actually  does,  in  the 
fisuniliar  and  unguarded  eooceptions  whioh  he  rapidtjr  formv 
of  things.  I  can  only  saj,  that  I  think  that  such  cohere 
ing  powers  belong  to  matter,  in  the  saQie  manner,  as  I 
conceive  weight  or  heaviness  to  belong  to  it 

This  is,  unquestionably,  a  curious  subject,  and  of  great 
importance,  Besides  the  chemical  phenomena  to  which  it: 
has  a  most  immediate  relation,  it  is  very  interesting  to  the 
mechanical  philosopher.  The  strength  of  solids,  the  eom- 
munication  of  motion  by  impnteion^  the  nature  of  iutd 
and  aerial  union,  and  the  modifications  of  mechanical  ac* 
tion  by  this  union,  a^e  elementary  articles  of  his  science ;. 
and  it  would  be  a  most  pleasing  acquisition  to  be  able  to 
deduce  all  these  from  the  acknowledged  laws  of  meisha- 
nism,  including  in  this  term  the  action  of  central  forces. 

204.  That  the  particles  or  ultimate  atoms  of  bodies  ar& 
actuate!^  by  forces  e  distaniiy  is  rendered  probable  by 
many  well  known  focts^  All  bodies  are  susc^ible  of 
compression  and  dilatation.  This  seems  incompatiblis 
.with  the  absolute  contact  of  the  ultimate  atoms;  nearer 
^han  contact  is  inconceLvable.  This  eompressiott  ordi* 
latatioa  requires  force  to  produce  it,  and  to  continue  itr 


If  tliis  fovcB  10  nmmeS^  the  {teto  rwm^  tlieir  (qnm 
distances,  and  the  mass  its  former  bulk*  This  caaaot  b^ 
fiplaimd  fay  th^  fibrous  and  contorted  stfuctune  of  hodies, 
blowing  ooBBpressiQtt  hj  the  bending  of  tbe  fibres,  as  w« 
observe  in  a  'pieoe  of  tposge.  Fmt,  ia  all  suf  h  easei»  w« 
tome  to  ao  ultimate  fibre:  if  iim  be  bent,  tbe  atoms  qC 
/wlileb  it  cQBtists  are  brought  nearer  to  one  another  on  tho 
cooeare  side  of  tbe  bend>  and  are  removed  forther  tsom 
one  another  on  the  convex  side,  than  when  the  fibre  ro» 
gains  its  natural  shape.  * 

AU  bodiea  expand  hj  heat,  and  contract  bgr  oeld ;  and 
this  change  takes  phM:e  in  all  their  dimensioBa  of  len^fa^ 
breadtib,  and  thidcness. 

20fi.  Flttid&ij  under  a  great  degree  of  sensible  ooneqpres* 
sion  seems  mechanicaliy  impossible,  if  the  partideK  of  the 
mmempressed  fluids  are  supposed  to  have  been  in  obecw 
kite  contact.  Air  may  easily  be  reduced  into  one  half  of 
kA  ordinary  bulk.  If  tbia  bo  supposed  to  be  effeeted  by 
tie  compression  of  its  elastic  particles,  which  may  be  sup» 
posed  spherical,  and  to  touch  one  another  only  in  single ' 
peinis,  we  must  than  suppose  that  these  spherea  are  com* 
pressed  on  s^ach  other  into  perfect  cubes,  (because  a  sphere 
is  near()r  one  half  of  a  cube  of  the  samsl  height)^.  Now 
such  a  mass  couM  no  more  haire  fluidity  than  a  box  of 
biawn  bladders  when  equaBy  compressed.  The  particles 
must  now  be  in  contact,  not  in  single  points,,  but  each  with 
tbe  whole  of  its  six  square  sides*— yet  is  air  perfectly  fluid 
in  this  stato  so  is  water,  in  any  degree,  of  compression. 
Ita  particles  have  never  indeed  been  compressed  inio  cubes, 
touching  one  anotber  aU  over;  because  water  has  never 
been  compressed  into  one  half  of  its  natural  bulk*  But 
tbey  mnst  be  mutually  dimpled,  and  the  touching  surfaoea 
essustly  fitting  each  other  like  so  many  joggles.  Skicfa  an 
assemblage  caold  not  be  iBuid. 

SMt  we  bore  muck  move  dbtinct  proo6  of  mutliaifoKcm 
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cimnectiftg  the  particles  of  tangible  matter,  andactiDg  on 
particles  at  a  distance. 

'  206.  Fluids,  in  falling,  gather  into  spherical  drops^-^in 
drops  are  most  accurate  spheres,  as  maj  be  demonstrated 
by  the  phenomena  of  the  rainbow.  The  angle  which  it 
makes  with  the  line  from  the  sun  to  the  spectaUnr,  shews 
that  the  light  is  reflected  from  an  exact  sphere.  Oil  rises 
through  water  in  spherical  drops,  and  spreads  on  the  sur- 
face in  an  exact  circular,  disk.  AH  figures  would  be  in- 
different for  these  collections  of  particles  if  mes^  con- 
tact were  sufiBcient ;  but  the  promin^t  particles  are 
drawn  aside,  or  drawn  down,  just  as  the  top  of  a 
wave  is  drawn  aside  on  the  surface  of  the  ocean  by 
the  action  of  gravity.  We  need  not,  however,  sup- 
pose that  the  attraction  between  the  particles  of  a  drop 
extends  to  the  distance  of  the  radius  of  the  drop— •but 

,  some  distance  is  necessary  for  producing  this  change  of 
fprm,  and  any^  the  most  minute,  will  suffice.  If  we  take  a 
glass  tub^  of  the  shape  of  Plate  II.  fig.  5.  of  ^^,th  of  an  inch  in 

'  diameter,  and  fill  it  with  water,  it  will  retain  it,  when  hel4 
horizontaL  But  if  we  touch  th^  surface  of  standing  water 
with  the  orifice  A»  the  whole,  or  very  nearly  the  wbole^, 
will  run  out.  Mere  adhesion,  will  not  do  this.  Jf,  after 
touching  the  water  with  the  end  A,  we  gently  drew  away 
the  tubf ,  mere  adhesion  would  account  for  the  water  quitr 
ting  the  tube;  but  the  effect  now.  mentioned  indicates  a 
force  exerted  by  the  partides  of  the  water,  in  the  vessel^ 
which  draws  off  laterally  the  water  in  the  tube. 

The  mutual  adhesion  of  solid  and  fluid  bodies  exhiluta 
many  appearances  in  confirmaiion  of  thb  assertioia. 

207.  If  we  take  a  slender  glass  pipe  of  a  tapering  form, 
as  in  fig;  6.,  and  after  thoroughly  wetting  the  inside,  by 
causing  the  crater  to  run  through  it,  we  shake  all  the  wa*. 
t^r  out  of  it,  and  then  put  in  a  drop  or  two,  hokUog  the 
wide  end  down wards^  the  drop  of  water  will  remain  at  thei 
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knrer  or  wide-  end.  If  we  now  hold  the  tnbe  horfsontal, 
the  waiter.  wiU  gradually  mo?e  from  the  wide  to  the  nar- 
row end  oC  the  tube«  This  can  never  arise  from  mere  ad* 
heaion.  There. ia  sQme  force,  acting  from  a  diataace, 
however  small  that  distance  may  be-*and  the  force  is  at« 
tractive.  It  may  be  understood  in  this  way.  ^8ttppo8e 
that  glass  and  water  mutoally  attract  each  other,  and  that 
thia  action  extends  to  the  small  distance  ab  (fig.  6.) 
The  glass  of  the  ring,  whose  breadth  is  a  6,  acts  on  the 
water,  urging  it  in  the  direction  a&  But  the  ring  de 
at  th^  other  end  of  the  drop  of-water  urges  it  in  the  oppo^ 
site  direction  d  e.  The  force  at  the  end  a  is  to  that  ^t  the 
end  d  as  the  circumference  of  the  ring  ab  to  the  circum- 
^fereoce  of  the  ring  de.  Now  it  is  demonstrated  in  hy- 
draulics, that  in  order  that  two  opposite  forces  may  be  in 
equilihrio  when  acting  on  the  two  ends  of  such  a  column 
of  fluid,  they  must  be  proportional  to  the  surfaces  to 
which  they  are  applied.  But  this  is  not  the  case  here« 
The  fojTces  are  as  the  acting  circumferences,  whereas  the 
surf  aces,  are  as  the  squares  of  those  circumferences.  The 
force  at  the  end  d  is  not  enough  for  balancing  the  force  at 
d,.  and  the  latter  must*  pre vailf-rtherefore  the  water  will 
move  in  the  direction  d  a*  We  see,  by  the  way,  the  force 
is  attractive— 4iad  it  been  repulsive,  th?  water  would  have 
moved  in  the  direction  ad» 

If  we  consider  this  fact  carefully,  we  shall  see,  that  by 
goic^  towards  the  smaller,  end  of  the  tube,  the  length  of 
the  little  column  of.  fluid  ia  increased. .  The  sorlace  of 
glass  in  contact  with  the  water  is  also  increased.  For  if 
it  b  in  a  part  where  the  diameter  is  one  half  of  its  former 
magnitude,  the  length  of  the.  column  must  be  quadrupled, 
and  the  touching  surface  doubled. 

.  208.  We  observe  water  and.  other  liquids  rise  up  all 
round  the  circumference .  of  the  vessel,  forming  a  concave 
curve.'  If  a  glass  plate  AB  (fig.  7.)  be  wetted  and 
di{iped  into  still  water^  we  observe  it  to  heap  up  on  both 


tjina  of  tKe  plote^  fovming  a  ounre  abcj  ot  a  Toy  tmi 
stble  iMight  We  are  sot  to  iaiagino  llial  tko  attractkia 
of  ^ass  for  water  extends  to  80  great  adistaoce  as  a  c,  or 
OTen  as  the  perpendiedar  height  o  e  of- tke  cunre.  Wo 
shall  soon  be  oon?iiicedl  that  the  extent  of  this  action  io 
too  small  to  bo  measured  hjf  as.  It  is  probable  that  onlyr 
a  Tory  sraisU  portioD^  perhaps  the  portion  <{  a,  is  the  soli 
^gent  As  the  water  climbs  op  the  side  of  the  phite^  it 
eomes  within  the  sphere  of  action  of  a  portion  still  hig^^ 
and  is  drawn  i^  bj  it,  and  the  water  thus  raised  ^bmg* 
more  after  it,  by  the  motnal  adhesioD  of  the  partides  eC 
water,  till  the  weight  of  the  iriiok  is  jnsi  a  baknee  foo 
the  attraetion  of  the  acting  portion  <l  a  of  ghss  stiU  above 
it.  We  shall  see,  howeieor,  by  and  by,  that  aii»  not  tho 
acting  portion  of  the  glass. 

If  the  plate  extends  horiaontally  to  any  distance,  the 
water  rises  afamg  the  whole  intersection,  of  the  plate  willi 
the  surface  of  the  still  water.  Thus  it  rises  att  round;  im 
a  tea*cttp.  The  ^pianfity  raised  will  thereiere  he  propoa' 
tional  to  the  hosiaontal  extent  of  the  inteitteetion. 

Shonld  we  bring  aaothor.piale  CD,  so  nest  the  plate 
AB,  tbct  the  curre/g  k^  caused  bjr  AB,  lufterfteea  with 
the  cunre  t  k  /,  caused  by  the  plate  CD,  the  water  will 
rise  still  higher  between  the  phitea.  It  wiU  vise  till  the 
whole  weight  of  water  raised  just  tMdances  the  doubM 
action  of  the  glass. 

Unless  we  know  the  law  by  which  the  attmdian  is  dh« 
minbhed  by  an  increase  of  dislance,  we  osnnot  say  what 
proportion  of  height  will  result  Itom  diffident  distaneee 
between  the  plates.  As  fm  aa  eaqperiasent  can  be  made 
with  precision,  it  woitfal  seem  that  the  height  of  water 
between  the  plates  is  inversely  proportional  to  their  ds»> 
tance.  This  shews  that  Ae  greatest  distance  at  which 
the  mutual  attraction  ia  exerted  is  y^  small^  and  in»- 
comparable  with  any  measurable  datance  between  the 
ptatea,    jpor,  were  it  Dtherwise^  the  watop  wouU  rise 


kighcr,  becfttne  ikgm  wodd  tlMn  be  tome  of  At  wjdot 
aeteii  M  bf  Wlb  pbteiy  and  ^  weigAe  dsdbty  diim 
Weie  the  bights  of  the  water  acottrateiy  fxioporlioiitl  to 
die  diftance  betweoi  t&e  pfapkea  inversclyy  we  mttstinfea 
that  there  10  ao  seaeiUe  portion  of  the  whole  water  im^ 
medloleij  acted  o»  bf  botb  pbiea.  Or,  in  other  werdii 
Ae  distance  between  the  pkte»  is  inpomiMraUf  greater 
than  the  dbtance  at  wfaieb  water  and  glass  attract  each 
oAer. 

900.  Sh  B»ck  Taylor  describes^  ja  No.  SSd.  of 
the  Philosophical  Traasactiom,  a  rery  beant^l  €Sk^ 
pmaieiit,  yMch  ffiw  us  a  morp  accorate  mean  oC  judg^ 
lag  in  this  matter,  and  ia  iorfeed  the  sooreo  of  all  our  pra» 
else  ideatf  of  this  subject. 

A  pair  of  mirror  plates  ABCD,  (fig.  8.}  are  set  in 
waler.  Thej  join  in  the  Tertlral  line  AB^  and  are  se»> 
paiated  a  very  saialt  matter  at  the  other  ead  CD,  thus 
forming  two  verlioal  pbmea  insKned  to  one  another  in  a 
TorjF  sbmH  aa^a  The  water  rises  between  them,  and  its 
upper  Burbee  forms  a  vety  emici  h^perMa  ft  a  m,  ef  which 
AB  and  BC  are  the  two  assymptotes.  Let  c  i  and  g  k 
be  equal  smidl  portions  of  BC,  and  then  a  frod  and  s^  £/ 
will  be  twe  eobimas  of  water  sapporfied  bjr  the  attract 
lion.  Let  tho  angle  ftmned  by  the  plates  be  repMsepted 
by  the  plan  KBC  TheseetioKBiifd^and  tg'A;^;^  the 
supported  columns^  are  evidiMiii|f  propcNrtioaat  to  their 
distances  firom  B.  By  the  nature  of  a  hyperbola  the 
heigbts  a  0  aod  e  g  are  v^  the  inverse  proporthm  of  B  # 
and  B  g.  Therefore  the  quantities  of  water  in  the  two 
cohimns  are  equal,^  and  then*  weights  are  equai 

This  is  a  ToIuaMe  esperimait,  because  it  statea  vrlA  so 
Inuch  accuracy  the  relation  between  the  heights'  of  the 
cohimns  aadthedfstanees-of  the  plates.  Weabo  learn  Ibom 
it,  that  the  whole leutAing  surfheee  acd'h  andsg'Ay^aae 
not  acting  in  the  devatloa  of  the  wat^.  For  the  weight 
ipiseA  ia  the  true  measare  of  the  force  hi  action,  be<9viBa 
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it  precisely  balances  it.  Now  the  weight  is  the  same  in 
these  two  columns,  while  the  surfaces  in  contact  with  the 
water  are  unequal  in  anj  degree.  We  must  grant  that, 
over  the  whole  touching  surface,  there  is  the  simple  adhe^ 
ttox,  and  this  may  be  proportional  to  the  surface.  But 
we  see  that  this  is  not  the  proportion  of  the  action ;  for 
the  actions  are  equal,  since  the  bahmcing  forces,  the 
weights  of  the  columns,  are  equal.    . 

210.  There  seems  to  be  hut  ope  way  of  accounting  for 
this.     If  we  supp(»e  that  only  a  veiy  miMOe  portion  of 
the  surfaces  acdb  and  t g kfaci  on  the  water,  either  a 
small  parallelogram  adjoining  to  c  d  and  g  A,  or  adjoining 
to  a  6  and  f /,  then  those  being  equal,  their  actions  will 
be  equal,  and  will  balance  e^ual  weights  of  water,  as  ia 
actually  the  case.    We  eertainly  cannot  take  this  acting 
portion  in  any  intermediate  part  of  the  cojiesion,  because 
there  is  no  part  diatioguishable  from  another  by  any  cir^ 
Gumatance  of  its  situation,  except  the  extremities  of  the 
eolumn.    Dr  Jurin,  tox  reasons  that  will  soon  be  men-* 
tioned,  supposes  that  the  aicting  portions  are  adjoining  to 
a  b  and  e/,  (see  his  dissertations  in  the  Philosophical 
Transactions,  No.  3S5,  &c.)    And  he  has  been  followed 
by  the  greatest  part  of  those  who  have  considered  this 
subject    But  we  shall  find  it  much  more  probable  that 
it  is  at  the  very  bottom  of  the  coluipn  that  the  acting  por- 
tions of  the  plates  are  situated.     Ind^  the  greater  pro- 
bability of  this  may  be  inferred  from  the  great  obliquity 
of  the  hyperbola  in  the  vicinity  of  the  assymptote  AB. 
The  line  a  6  is  not  nearly  equal  to  e^^  a  circumstance 
which  seems  necessary,  if  the  acting  portioQ  were  imme- 
diately adjoining  to  the  surface  of  the  water.    But  we 
shall  presently  see  much  more  cogent  reasons. 

If  we  make  the  breadth  ;  A  of  the  sectbn  of  a  co- 
lumn  equal  to  g  y,  the  distance  between  the  plates  at  that 
place,  the  section  yg  hxi^^J  be  considered  as  a  square. 
Suppose  thb  to  be  the  section  of  a  square  pipe  of  glass. 
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If  it  be  true  that  it  is  only  a  miinite  portion  of  the 
touching  glass  which  supports  the  water,  and  if  this  be 
^comparably  less  than  the  distance  between  the  plates^ 
then,  whether  thU.be  at  the  top  or  bottom  of  the  sup- 
ported column,  we  should  expect  the  water  to  stand  twice 
as  high  in  the  square  pipe  as  between  the  plates  where 
the  section  is  the  same.  For,  in  case  of  the  plates,  the  acting 
surfaces  are  only  the  two  sides  y  z  and  g  A ;  but  in  the  pipe, 
we  have  the  whole  periphery  yg  hx  in  action.     This  be-* 
ing  double,  should  support  a  double  weight  of  water,  andf 
therefore   a   double  height.      This   experiment   cannot 
easily  be  made,  as  such  a  pipe  can  scarcely  be  had.     But 
a  cylindrical  pipe  will  dd  quite  as  well.    For  if  the  dia* 
meter  of  the  round  pipe  be  equal  to  the  side  qf  the 
square  one,  the  proportion  of  the  two  peripheries  is  pre-^ 
cisely  the  same  with  that  of  the  two  sections. 

I .  have  made  this  experiment  with  the  greatest  care^ 
and  I  find  that  this  expectation  is  completely  answered. 
The  water  is  supported  twice  as  high«  This  is  a  mo- 
mentous experiment.  It  has  been  long  observed,  that 
water  is  raised  in  slender  pipes  to  heights  which  are  in- 
Tersely  aa  the  diameters,  so  far  agreeing  with  the  plates. 
This  experiment  completes  the  agreement. 

211.  Here  then,  in  slender  pipes,  we  have  another  iheans 
of  measuring  the  natural  force  employed  ih  supporting  the 
liquids  The  heights  of  the  liquid  are  inversely  as  the 
diameter  of  the  pipes.  The  sections  of  the  pipes  are  di- 
rectly as  the  squares  of  the  diameters.  Therefore  the 
quiantity  of  water,  or  the  weights  supported,  are  dir^ly 
as  the  diameters.  The  surfaces  in  contact  with  the  water, 
and  therefore  the  simple  adhesion^  are  equal  iii  them  all. 
Here,  therefore,  we  have  another  incontestible-  pi^oof  that 
the  whole  surfaces  are  not  acting  in  supporting  the  water. 
In  the  plates,  the  weights  supported  were  equal  in  all  the 
columns^  and  the  surfaces  were  unequal  in  any  degree. 


•       •  • ' 

III  the  pipes,  the  adheritig  MiiAcet  tire  equal  itt  thftiaaDj 
but  the  ireigfats  suppdrted  are  uiiei|ual  in  mnj  degree* 

All  will  be  reciNKiled,  if  we  8upp6ie  that  H  is  onljr » 
amaU  portkMi  of  die  touchiiig  surflrees  that  h  ^ffiefctual  iff 
supportii^  the  water— hi  narrow  piuiailelogrBlif  adjMning 
to  aboTfidf  perhaps  not  the  lOOth  of  an  inchtn  breadth. 
This  being  equal  to  gk^  equal  weights  ore  supportecL 
This  in  the  pipes,  being  a  narrow  ring  ttt  the  top  or  bol^ 
torn,  is  proportionait  to  the  diameter ;  and  weights  ti  w^ 
ter  in  this  ^ery  proportion  ore  snppoiied. 

I  hoped  to  find  some'  comparability  between  the  ditftancd 
at  which  this  attraction  is  exerted  and  the  distance  be* 
tween  the  plates,  by  the  form  of  the  curre  Ardm«  I  found 
it  to  be  a  t^rj  iN^cttrate  hyperbola  as  fiur  aa  llie  distamol 
between  the  plates  exceeded  ^jf-^ih  of  an  inch.  This  woi 
infez^d  from  the  distance  fh>m  AB  where  the  entre  be^ 
gan  to  deviate  froim  the  hyperbola^  and  the  distance  of 
the  (ilates  at  the  other  Ctod  DG.  I  ascribdl  the  delrintion 
from  the  hyperbola  in  socialler  distances  to  the  action  of 
the  attroctiTe  force  of  the  two  plates  interferiiig  and  beiai; 
exerted  on  the  some  partides  of  water.  But  I  was  di» 
taken.  The  deviations  in  these  small  inteinrals  were  quite 
anomalous^  and  were  greatly  changed  by  ths;  most  trifling 
changes  of  distance  at  DC,  and  were  nnibrmly  greater 
in  some  places  than  in  others.  I  found  at  liMt,  that  the 
cause  of  deviation  £rom  th^  hyperbolic  c«rte  woe  the  wonl 
erf*  perfect  flatness  of  the  |dates-^tbe  inequaKttes  of  their 
surface  bore  a  sensible  proportion  to  the  1900th  paiH;  of  an 
inck  Empbying  two  plates  made  by  Ddllond,  mud 
ifiniahed  in  tlie  most  perfect  manner,  I  fbiiad  the  hyperbdln 
$trictly  fnreserved,  as  far  as  I  could  perceive  the  odouied 
liquor  ^t  was  between  tbe  plates.  In  these  v^ry.  small 
Intervals,  it  is  pereeived  with  difikirity. 

It  deserves  remark,  that  in  making  this  experiment,- 
tbe  phttes  seem  to  attract  one  another  with  eensidtraMe 
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Cnite.  When  the  tUo  weAge  wbkb  separates  the.  edges 
I>C  fa  draws  tint,  me  find  that  it  is  strongly  pressed  by 
ikemy  and  they  dose  fyith  each  other  as  it  is  drawn  out» 
and  it  is  difficult  to  get  another  wedge  introduced/  This 
is  undotthtediy  owii^  to  Uie  mutiial  attractioB  of  the  glass 
asd  die  Suid. 

S1&  This  idienomenon  of  the  rise  of  water^  or  other 
Ufttida^  IB  sknder  pipes,  has  long  engaged  the  attention 
•f  philosophers  under  the  denomination  of  cAniiLAav  at^ 
VRACTSOH  ;  bebg  so  aanted^  heoause  it  is  sensible  only  in 
inpes  whose  hose  is  extoemdy  sbmiU,  little  exceeding  the 
diBineter  of  a  hair.  It  has  been  much  studied,  both  be* 
cause  it  k  curious,  and  because  it  has  a  veiy  extenstva 
and  multifarious  influence  on  many  important  op^ations 
of  natute  in  our  sublunary  world.  To  this  it  is  owkig^ 
liiat  the  rains  which  fidl  in  the  high  grounds  do  not  im« 
mediately  run  down  to  the  sea  with  continually  increasing 
velocity,  but  are  retained  by  the  soil,  and,  slowly  filter- 
ing dowii  through  it,  are  deliFered  in  the  springs  and 
fountains  at  the  foot  of  the  hills,  so  as  to  aflToid  a  constant 
and  nearly  uniform  supply  of  moisture.  By  capillary 
attraction  does  the  oil  or  melted  tallow  rise  slowly  through 
the  wide  ef  a  lamp,  where  it  is  con veited  into  steam  by 
,  the  heat  of  the  surrounding  flame,  and,  Mowing  out  ia 
sill  direotaons  from  the  wick^  is  set  on  fire  when  it  reaches 
the  suitounding  air.  Thtire  only  is  it  inflamed,  although 
we  generally  suppose  the  whole  space  luminous.  But  it 
ia  only  a  luminous  film.  By  capillary  attraction  the  juices 
of  the  soil  are  taken  up  by  plants  and  carried  to  the  re- 
snatest  leaf,  where  they  are  partly  evaporated,  as  the  oil 
is  dissipated  from  the  wick  of  the  lamp.  By  (Capillary 
attraction  is  the  lymph  and  \>tber  fluids  taken  up  and 
transported  to  all  parted  of  the  animal  body^  No-  doubt  * 
the  organical  structure,  both  of  plants  and  animab,  is 
also  eoneemed  in  the  .motion  of  the  sap  and  the  animal 
Juices ;  but  we<  are  certain-^  bjE  numerous'  obserrations« 
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that  much  of  this  is  effected  by  meri  capHlary  oiiraciwn; 
It  is  solelj  bj  this  that  a  piece  of  dry  wood  absorbs  a 
great  deal  of  moisture,  and  swells,  witb<  almost  irresisti^' 
ble  force. 

313.  Sueh  influence  in'the  operations  of  nature  justify 
the  attempts  of  the  philosophers  to  acquire  a  more  pre^^ 
cise  and  confident  knowledge  of  this  operation.  I  have 
alr^y  observed,  that  Dr '  Jurin  was  the  first  who  gaT9 
any  information  on  which  an  opinion  can  be  formed!  The 
ingenious  Dr  Hooke,  indeed,  had,  before  this  time,  spe^ 
culated  on  the  subject,  and  attempted  to  explain  the  phe- 
nomena by  a  principle  which  he  called  congruily.  But 
men  were  not  very  familiar  then  with  the  accurate  logic 
that  is  required  in  all  philosophical  disquisition,  and  Dr 
Hooke  had  little  success  in  his  endeavours.  Dr  Jurin 
reasoned  more  consequentially,  from  the  beautiful  experi- 
ment of  Dr  Brook  Taylor,  and  its  correspondence  with 
the  rise  of  water  in  capillary  tubes;     (See  Phil;  Trans; 

vol.  XXX.) 

.  Suppose  two  tubes  AB,  AB  (fig.  9.  No.  1.  8t  2.)  which 
support  th^  water  at  heights  inversely  as  their  diameters; 
Dr  Jurin  maintains^  that  the  water  is  supported  entirely  bj 
the  action  of  the  ring  B  c  immediately  above  the  surface  of 
the  water,  B  c  being  supposed  the  greatest  distance  at  which 
the  mutual  attraction  is  exerted.  For,  sayA  he;  this  is  the 
only  part  of  the  tube  from  which  the  water  must  recede 
upon  its  subsiding^  and  therefore  the  only  one  which,  by 
the  force  of  its  cohesion  or  attraction,  opposes  the  de- 
cent of  the  water.  To  make  this  more  manifest,  be  bids 
iis  suppose  the  tube  to  be  divided  into  squares  B  J,  de^ 
tf^  &c.  equal  to  B  c.  The  glass  in  B  c  attracts  the  watel* 
in  B  d  upwards.  It  is  attracted  downwards  by  the  water 
in  de.  This  being  inferior  to  the  action  of  the  glass 
above  it,-  the  water  is  supported.  In  every  other  part  of 
the  tube,  siich  as  tf^  the  water  is  equally  attracted  botb 
upwards  and  downwards^;  and  is  not.  sensibly  affected  by 
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those  actions.  The  whole  weight  is  therefore  carried  bj 
the  rtiig  B  c,  aided  by  the  mutual  adhesion  of  the  parti- 
cles of  the  water.  It  will  therefore  be  supported  at  any 
height,  provided  that  this  mutual  adhesion  be  equal  to  the 
weight  of  the  column. 

In  support  of  this  reasoning,   he  observes,   that  the 
height  at  which  the   water  will  be  supported   depends 
entirely  on  the  diameter  of  the  upper  orifice,  whatever  may 
be  the  width  of  the  tube  below.     Thus,  in  fig.  9.  No.  3. 
the  water  is  supported  at  the  same  height  as  in  No.  1.  al- 
though the  lower  part  of  the  tube  is  smaller.     In  No.  4. 
the  water  is  supported  at  the  same  height  a^  in  No.  3.  al- 
though it  would  have  been  raised  only  to  b  by  the  lower 
part  of  the  tube.     It  is  remarkable,  that  in  a  tube  formed 
like  No.  4.  the  water  stands  at  the  same  height,  although 
the  lower  part  of  the  tube  be  of  any  width,  even  several 
inches,  provided  that  the  upper  orifice  at  B  is  of  the  pro- 
per, diameter ;  and  this  obtains,  even  though  the  appara- 
tus is  placed  under  the  receiver  of  an  air  pump.     The 
water,  therefore,  is  not  supported,  as  was  asserted  by 
some,  by  the  pressure  of  the  air.    Others  maintained  that 
the  water  was  supported  in  the  wide  part  of  the  tube,  by 
its  adhesion  to  the  arch  immediately  below  the  slender 
tube.     But  a  curious  experiment  of  Dr  Jurin'*s  seems  to 
overturn  this  account.     If  the  wide  part  of  the  ap{)aratus 
No.  5.  be  filled  with  water  up  to  D,  very  near  the  archj 
and  kept  there  by  shutting  the  tube  at  the  bottom.    Then 
let  a  single  drop  of  water  enter  at  the  top,  and  set  the  ap- 
paratus into  the  water  in  the  cistern,  and  open  the  tube 
below.'    The  drop  let  into  the  upper  orifice  will  occupy 
the  whole  of  the  slender  tube,  and  the  water  will  remain 
at  the  height  to  which  it  was  filled,  though  it  do  not  come 
in  contact  with  the  arch.     The  whole  seems  still  to  be 
supported  by  the  action  of  the  upper  orifice. 

Such  is  the  reasoning  by  which  Dr  J  urines  theory  is 
supported.     It  U  undoubtedly  very  specious,-  and  it  ob^ 

VOL,  I,  p 
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t^in^d  \he  rffi<ly  ^fxiui^scence  of  all  tbf  naturrihM*  M? 
Hfiwksbe^  h%s  varied  Ihe  ^^perim^nlf  19  m»ny  ways,  and 
a  multitude  of  others  have  b^en  added  by  ))\ilfipgfir  in 
two  long  disscrtfttiona,  in  the  Peteirslmrgh  Comittenldri^^^ 
Mr  Achard  also,  of  the  Berlin  Academy,  has  add^d  inaajf 
mofei  4nd  pbilosoph^s  were  satisfied. 

314.  Yet  the  theory  is  eertainiy  erroneous  in  its  first 
prilM^jples.  Granting  that  the  particles  of  water  in  Ihfi 
vppennpst  ring  d  D  ure  attracted  upward  by  the  glass  in 
th^  jriBg  Q  f  abpve.  them,  it  must  be  as  much  attracted 
downw^  by  the  gl^ss  in  the  ring  dt.  The  attraction  of 
this  ring  cannpt  be  supposed  to  cease  when  the  water  has 
passed  it.  If  the  whole  tubes  froln  eiid  to  end  be  dividf 
^  into  portions  equal  to  B  c,  the  water  is  m  equiltbrio  (ii| 
respect  of  thn  attraction  by  the  glass)  in  every  part  of  the 
tube,  except  the  lowest  portion  m  n.  For  every  ethtv 
portion  has  aq  equal  ring  of  gl^sq  aboye  and  beilow  itt 
Therefore,  if  there  be  any  truth  in  this  mutual  Aftlou  of 
glass  and  water,  this  theory  of  capillary  attraetipn  is  ia 
consistence  with  it.  Let  us  consider  the  consequences  of 
this  action  a  little  more  particularly. 

215.  Let  C  F  (fig.  10.)  be  a  glass  tube,  lying  borizon* 
tally,  Qnd  containing  water,  or  aHy  liquid  that  it  attracts, 
between  A  «nd  B,  and  let  us.  8^ppose  tloat  the  mutual  at* 
tractions  of  gUss  ^nd  water  extend  to  the  distance  AC  or 
BD.  The  wfiter  10  this  tube  will  cointinue  at  rest,  being 
fis  much  attracted  in  the  direction  BA  by  the  glass  in  AC» 
£^s  it  is  attracted  in  the  diFectipn  AH  by  th^  gl|tsa  ia 
BD, 

Suppose  now  that  the  tube  is  eut  through  at  A  as  ill 
No.  2.,  by  t}>is  the  equilibrium  of  the  water  is  destroyed, 
tlipre  being  no  force  nqw  to  balance  the  attr^^tion  of  BI>. 
Thf^  water  will  therefor^  be  carried  in  that  direction, 
and  will  be  again  in  equUibrio,  when  it  gets  into,  the  si^r 
tuation  EXl.  It  will  then  be  equity  acted  osk  by  AE) 
and  PF.    In  this  manner  the  water  may  be  made  to  re* 
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movCf  in  the  direction  AB,  as  far  jeis  we  please  hy  con<« 
tinualiy  cutting  off  the  attracting  fing  at  one  end. 

Thiff  attraction  has  a  limited  force,  and  may  be  balanced 
by  any  opposite  force.  It  may  be  balanced  by  the  force  of 
gravity*  by  holding  the  pipe  upright,  as  in  No*  3.  or  better, 
as  in  No.  fi.  by  making  the  tube  bend  upward.  The  tube 
being  cut  off  at  A,  and  the  water  having  retreated  into 
the  space  ED,  wemay  suppose  water  added  by  the  other  end; 
This  will  make  no  change  in  EA  till  the  level  part  of  the 
t«be  be  filled,*— then  the  addition  will  begin  to  push  the 
water  from  E  toward- A,  and  will  reach  A  when  the  weight 
of  the  column  6H  is  equal  to  the  attraction.  In  this 
condition  of  the  apparatus,  the  whole  is  supported  (agree- 
ably to  Dr  Jurtn^s  opinion)  by  the  attraction  of  HI,  unba« 
lanced  by  any  attraction  at  A.  If  the  weight  of  the 
water  in  AB,  No.  3*  is  just  equal  to  the  attraotion  of  AC 
or  BD,  then,  when  the  tube  is  held  upright  the  water 
will  descend,  till  it  arrives  at  the  mouth  of  the  pipe,  oc-» 
eupying  the  space  C  d.  The  weight  of  the  water  is  then 
in  equilibrio  with  the  attraction  of  the  glass  in  B  d.  But 
it  is  not  the  attraction  of  Bd  that  supports  it;  for  Bd 
acts  only  on  the  water  in  de;  for  the  water  in  de  is  as 
much  attracted  downward  by  the  glass  in  B  d  And  if 
we  examine  every  portion  of  the  tube,  we  find  the  water 
in  the  same  state  of  equilibrium,  excepting  the  lowest  por«> 
tion  AC.  This  is  attracted  upward  by  the  glass  in  AE, 
without  any  opposite  attraction  to  balance  it.  It  is  ba^ 
lanced,  only  by  the  weight  of  the  water  between  c  and  d 
This  weight  is  supported  by  the  attraction  of  the  glass  in 
EA  for  the  water  in  AC.  We  may  suppose  this  little 
portion  of  water  in  AC  to  become  ice;  without  adhering 
to  the  tube,  and  without  any  change  in  the  attracting 
forces.  It  will  then  perform  the  office  of  a  moveable 
plug,  loaded  with  the  water  in  Ad,  and  supported  by  the 
attraction  of  the  glass  in  AE. 

When  things  have  been  thus  adjusted,  bring  the  lower 
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orifice  of  the  pipe  into  contact  with  the  surface 'Gfi  of 
standing  water,  as  in  No.  4.  The  water  below  it,  which 
was  formerlj  in  hydrostatic  equiiibrio,  and  at  rest,  is  now 
attracted  upwards  by  the  glass  in  CA,as  much  as  the  water 
in  CA  is  attracted  by  the  glass  in  AE.  Thas  there  are 
now  two  portions  of  water,  viz.  ACC^A',  and  CIKC'^ 
which  are  attracted  upwards  by  the  glass  in  CA  and  AE. 
Let  g  represent  the  attraction  of  glass  for  water.  There 
is  now  a  force  2  g^  acting  upwards,  in  the  place  of  the 
force  g  which  operated  before.  This  should  support 
twice  as  much  weight,  and  the  water  should  now  sftapd 
twite  as  high  as  before. 

But  there  is  now  brought  into  action  another  force, 
w^hich  di(t  not  exist  before.  The  water  in  the  portion  AG 
of  the  tube  is  attracted  downwards  by  the  water  CIKC 
in  the  cistern.  Let  w  express  the  force  with  which  the 
water  in  AC  is  attracted  by  the  water  OIKC  in  the  cis* 
tern.  The  whole  force  which  now  acts  on  the  water  in 
the  tube  is  the  force  2  g>,  acting  upwards,  and  the  force 
w  acting  downwards.  Therefore  the  height  to  which  the 
water  will  be  raised  will  be  such  that  its  weight    ia 

216.  Hence  it  plainly  follows,  that  if  the  mutual  a(>- 
traction  of  water  for  water  be  any  thing  less  than  ttcioe  the 
attraction  of  water  for  glasSf  it  will  stand  higher  within 
the  tube  than  without  it.  If  w  be  merely  equal  to  2g> 
the  water  will  be  on  the  same  level  both  within  and  with- 
out the  tube.  We  learn  here,  that  we  must  not  infer> 
from  the  rise  of  fluids  in  slender  pipes,  that  their  particles 
attract  each  other  more  feebly  than  they  attract  the  par* 
tides  of  the  pipe,  which  is  the  general  opinion.  We  are 
entitled  only  to  infer,  that  the  attraction  of  the  particles 
of  the  fluid  is  not  twice  as  great  as  their  attraction  for 
those  of  the  pipe. 

Such  are  the  genuine  consequences  of  a  mutual  attrac- 
tion between  the  particles  of  a  liquid  and  those  of  a  solid. 
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This  attraction  is  unquestionable,  and  therefore  this  theorjt 
of  the  rise  of  water  in  capillary  tubes  must  be  admitted, 
in  preference  to  Dr  Jurin'^s^  which  is  iacompatible  with 
tiie  very  principle  by  which  the  author  thought  it  estab- 
lished! 

217.  This  explanation  of  capillary  attraction  was  fiirst 
proposed  by  the  celebrated  Mr  Clairaut,  in  his  disserta- 
tion oh  tbe  Figure  of  the  Earth,  published  in  the  year 
1743.  But  it  lay  there  unnoticed  by  naturalists  not  much 
conversant  in  mathematical  disquisitions.  Indeed,  it 
comes  in  so  incidentally,  and  is  so  slightly  mentioned^ 
that  it  does  not  seem  to  have  arrested  the  notice  even  of 
mathematicians.  Lalande  first  took  particular  notice  of 
it^  and  published  it  in  a  small  duodecimo  pamphlet  in 
1770.  It  does  not  seem,  even  yet,  to  be  very  generally 
icnown. 

.218.  Both  Mr  Glairaut  and  Mr  Lalande  consider  capiU 
lary  attraction  as  a  case  of  universal  gravitation  ;  but  this 
is  certainly  a  mistake.  Were  it  gravitation,  a  fluid  would 
stand  above  the  level  of  the  cistern  only  when  it  is  less 
dense  than  the  pipe.  Now,  we  know  that  water  will 
stand  higher  in  a  small  quill  than  the  water  in  the  cistern. 
Were  it  graviCktion,  a  glass  pipe  would  support  different 
fluids  at  heights  inversely  proportional  to  their  density. 
This  is  far  from  being  the  case.  A  very  slender  pipe  su[>- 
ported  the  different  fluids  as  follows :  * 

Inch. 

Oil  of. turpentine    «     ^     .«*...     1,35 
Spirits  of  wine    ....>.»...     2,5 

Water »    6,5 

Caustic  vol.  alkali '.     .     •     6,25 

Solution  of  sal  ammoniac     «     •     .     .     .     8,07 
This  attraction  must  therefore  be  considered  as  a  sped- 


*  See  NoTi  I.  at  the  end  of  the  volume. 
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Jlc  mechanical  Mniij  analogous  to  cbemical  affiaititf  or 
elecdre  attractions ;— -It  is  diflferent  in  ditTerent  substances 
for  the  same  kind  of  glass,  and  in  diflferent  kinds  of  glass 
for  the  same  fluid. 

219.  If  a  glass  pipe  be  plunged  into  mercury,  the  fluid 
is  lower  within  the  pipe  than  without  it.  This  shews  that 
the  attraction  of  the  particles  of  raercurj  for  each  other 
is  more  than  twice  as  great  as  their  attraction  for  the 
glass.  When  two  glass  plates  are  set  in  mercury,  it  fotmft 
%  curve  convex  upwards,  lower  than  the  surface  of  the 
itoercury  in  the  cistern. 

220.  It  will  naturally  be  asked  here,  bow  iWhappens, 
as  in  Dr  Jurin^s  experiments,  that  the  height  at  which  the 
water  is  supported  depends  so  expressly  on  the  size  of  the 
vpper  orifice,  and  not  at  all  on  that  of  the  lower  orifice  ? 

It  has  been  already  explained  how  this  attraction  caase# 
a  drop  of  water  to  move  from  the  wide  to  the  narrow  end 
of  a  tapering  tube.  Now,  it  is  a  matter  of  observation,  that 
if  we  take  a  glass  syphon  ABC  (fig.  1 1 .)  having  tbe  legs 
of  different  calibres,,  but  both  capillary,  and  put  water 
into  it,  the  water  will  «tand  so  in  the  two  legs,  that  the 
elevation  of  the  surface  C  fai  the  smaller  leg  above  the 
.surface  A  in  the  larger,  is  precisely  equal  t6  the  difference 
between  the  heights  at  which  each  of  the  legs  would  have 
-supported  the  water  above  the  level  of  the  cistern.  Sup- 
pose that  the  smaller  leg  would  have  raised  water  to  a 
height  m,  and  the  larger  to  the  height  n,  then  the  eleva- 
tion C  d  will  be  m  -^  n.  This  experiment,  which  haft 
been  often  repeated,  may  be  received  as  a  suflicient  proof, 
that  a  contraction  of  the  diameter  in^any  part  of  the  ca- 
pillary can^I  is  always  accompanied  by  an  excess  of  at- 
traction directed  to  the  narrow  part  of  tbe  canal.  Here 
we  have  a  measure  of  tbat  eicess,  and  it  corresponds 
precisely  with  the  measure  that  was  deduced  from  the 
principles  of  hydraulics.  To  apply  this  to  the  present 
question,  suppose  two  capillary  tubes  a  and  b  (fig.  12.) 
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anct  tb&t  a  supports  wat^t  to  the  hi^ight  AM,  which  Wo 
ihM  call  m,  while  the  wider  tube  b  supports  it  only  to  th6 
height  AN,  which  we  shall  call  H.  Let  the  tube  C  hAvH 
its  lower  part  AB  of  the  same  bore  With  the  ttibe  d,  atid 
its  tipper  p&rt  BM  of  the  same  bok^  with  the  tube  a. 
Let  the  fourth  tube  d  have  its  loWer  calibre  equal  to  that 
bf  0,  abd  Its  upper  haV^e  the  calibre  b. 

At  the  lower  orifice  of  the  tube  e  there  is  a  (otee  n  act- 
ing  upwards.  At  fi  there  is  a  force  m'-^^n  also  Acting  up- 
wards.  Add  these  twb  together,  and  tlieii*  tuM  is  th^ 
compound  force^  and  measures  the  height  to  Which  the 
water  will  be  raised.  Now  the  sum  of  n  arid  ift  -^  n  is  m, 
fknd  theMore  the  watet  will  be  raided  to  the  &ame  height 
by  e  And  by  a.* 

At  the  lower  orifice  of  the  tube  d  thete  Is  a  force  tti 
acting  upwards.  At  the  point  B  there  Is  a  force  ni^^h 
acting  dbwliwards.  The  difftrerux  of  those  two  forces  is 
the  measure  of  the  compound  force,  and  of  the  height  tb 
ln^hieh  the  water  will  be  rdsed.  Now  the  diiference  of  m 
khd  m  •'-^  ft  is  ft,  and  the  water  will  be  raised  to  the  same 
height  in  the  tubes  d  aiid  b*, 

221.  Thus  it  is  manifest  that  the  plienomena  which 
gave  such  authority  to  the  theory  Of  Dr  Jui^in  are  perfect- 
ly consistent  with  Mr  Claitaurs  theory.  Dr  Jurin  was 
also  mistaken,  I  thiiik,  in  saying  that  the  water  Was  ndt 
sustained  in  the  wide  vessel  terminating  Above  in  a  capil- 
lary tube  by  the  adhesion  to  the  arch  of  the  wide  part. 
It  is  very  true  that  his  experiments  succeeds,  as  he  sayd, 
where  a^  small  pari  Just  adjoining  to  the  arch  is  left 
empty.    But  this  happens  only  udder  the  pressure  of  the 


*  Here  it  mu«t  be  noted  that  in  order  to  rtUte  the  water  by  this  tube  to 
t\\e  height  of  AM,  it  is  necessary  thdt  AB  do  not  exceed  AN  of  the  ttibe  ft. 
Wherever  the  contractioa  B  is,  the  water  will  hesupparted  at  the  height 
AM,  provided  that  the  tube  be  previously  filled  with  water.  It  will  sink 
till  the  height  of  the  remaining  column  be  AM.  But  the  empty  tube  wiU 
raiJte  it  no  higher  than  AN  of  the  tube  It. 
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air.  If  the  apparatus  be  in  an  exhausted  receiver,  the 
water  will  descend  in  the  wide  part,  which  it  will  not  do 
if  the  apparatus  be  full  of  liquor,  so  as  to  be  in  contact 
with  the  whole  of  the  arch.  It  will  not,  indeed,  even 
then,  remain  long  suspended.  For,  in  nacuoy  a  quantity 
of  air,  which  had  been  chemically  united  with  the  water 
is  detached  from  it,  and  gets  to  the  top.  As  soon  as  a 
bubble  gets  to  the  lower  orifice  of  the  capillary  tube,  the 
water  in  the  wide  part  of  the  apparatus  descends.  The 
adhesion  of  the  top  of  a  lateral  column  of  water  to  the 
arch  is  abundantly  able  to  carry  its  weight,  for  it  is  aU 
most  immensely  greater  than  the  attraction  of  the  in- 
finitesimal ring  of  the  capillary  tube  in  the  middle,  which, 
according  to  Dr  Jurin,  supports  the  whole.  If  air  were 
not  disengaged  in  the  manner  now  mentioned,  I  have  no 
doubt  but  that  the  water  would  be  supported  in  vacuo  to 
the  height  of  many  feet.  We  see  mercury  supported  to 
the  height  of  70  inches. 

222,  This  subject  seemed  to  merit  a  particular  discus- 
sion  on  account  of  its  manifold  influence  on  natural  ope- 
rations, as  well  as  because  it  is  a  very  good  example  of 
the  corpuscular  forces,  susceptible  of  measure,  and  of 
mathematical  consideration.  It  rectifies  our  judgments 
concerning  the  intensity  or  magnitude  of  the  attractive 
force  of  the  particles  of  water  and  other  liquids.  We 
are  disposed  to  consider  this  as  extremely  small,  because 
we  find  it  so  easy  to  separate  one  parcel  of  water  from 
another.  But  this  separation  does  not  give  us  the  smallest 
information  on  this  point,  and  the  mutual  cohesion  of 
two  particles  of  water  may  be  as  great  as  that  of  two 
particles  of  steel,  for  any  thing  that  we  know  to  the  con- 
trary. The  phenomena  of  capillary  attraction  shew  it  to 
be  very  considerable. 

A  pipe  of  one- tenth  of  an  inch  in  diameter  supports  a 
column  of  nearly  half  an   inch  in  height.     Thb  weighs 
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one  grain*}  This  is  supported  by  the  action  of  a  ring  of 
glass^  whose  breadth  cannot  exceed  the  2000th  part  of  an 
inch,  (nay  it  is  probable  that  it  is  almost  incomparably 
less)  and  which  is  one-eighth  of  an  inch  in  circumference 
nearly.  The  surface  of  it  is  therefore  nearly  i^sj^ssth  of 
an  inch,  and  the  adhesion  of  water  to  a  square  inch 
would  be  1,333>333  grains,  or  190  pounds  avoirdupois. 
But  thb  is  far  from  being  the  just  measure  of  the  mutual 
attraction  of  the  parts  of  w^ter.  It  is  only  the  difference 
between  this  attraction  and  twice  the  attraction  of  water  for 
glass.  It  may  be  but  a  very  minute  portion  of  the  mu«> 
tual  attraction  of  the  parts  of  water,  and  I  am  much  dis*- 
posed  to  think  that  this  is  the  case.  When  the  almost 
absolute  incompressibility  of  water  is  compared  with  the 
other  phenomena  of  cohering  matter,  and  the  whole  con- 
sidered in  the  manner  that  will  be  unfolded  by  degrees, 
I  apprehend  that  we  are  well  warranted,  nay  obliged,  to 
draw  this  conclusion. 

S23.  The  parts  of  water  are  easily  separated,  because 
Ihey  are  easily  made  to  slide  over  each  other,  as  will  be 
particularly  explained,  when  we  come  to  consider  the  me- 
chanism of  liquid  aggregation.  This  mutual  attraction 
extends  to  a  very  minute  distance,  and,  when  the  par- 
tides  are  so  far  separated,  they  attract  no  more.  Sup- 
pose gravity  to  extend  only  a  foot  from  the  surface  of  the 
earth,  and  suppose  that  it  is  covered  with  balls  of  a  foot 
diameter,  which  attract  each  other  with  any  enormous 
force.  If  we  take  one  of  these  balls  in  our  hand  and 
raise  it,  another  will  stick  to  it  and  follow  it,  a  third  will 
adhere  to  that,  and  a  fourth  to  the  third,  and  thus  we 
shall  lift  all  the  balls  from  the  earth,  and  will  feel  only 


*  A  cylinder  of  water  o&e-tenth  of  an  inch  in  diameter,  and  twelve  inches 

.  high,  weighs  23.868   grains,  or  very  nearly  24  grains ;    therefore  very 

nearly  1  grain  when  half  an  inch  in  height.     A  cylinder  one  inch  diameter, 

therefore,  weighs  2386,  very  nearly  2400,  or  5  ounces  troy.   This  is  a  con* 

veuient  number  to  keep  in  mind,  ss  S  oz«  -¥  200  gr.  avoirdupois. 
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the  weight  of  one,  because  as  soon  as  a  ball  is  k  fool 
ttom  ti\e  ground,  it  is  no  longer  heavy.  It  Is  in  tfaisf  waj- 
that  we  maj  separate  the  particles  of  Water  from  the 
tnass. 

334.  The  measures  which  we  haire  acquired  of  capil* 
Ihtf  attraction  lead  to  several  useful  inferences.  It  wa^t 
already  observed,  that  it  is  owing  td  this  that  Water  is 
retained  by  the  soil :  not  only  so^  but  it  will  be  raised  by 
ft  If  we  fill  a  hollow  tube  With  dry  sand,  and  set  it  lii 
water,  we  shall  observe  that  the  water  will  sbstk  the  sand 
to  a  considerable  h^ight,««^so  much  greater  as  the  sand  i^ 
finer ;  In  fine  impalpi&ble  clay,  the  water  will  rise  to  al- 
most any  height. 

It  is  in  this  way  that  oil  rises  in  the  wick  of  a  lamp. 
The  wick  is  a  bundle  of  fibres^  with  interstices  betweeii 
them.  The  fluid  rises  in  those  interstices,  and  will  rise 
almost  twelve  times  higher  in. the  interstices  of  cylindrl* 
cal  fibres  than  through  pipes  of  the  same  diameter,  as 
will  easily  appear  by  calculating  the  area  of  the  Interstice, 
and  its  acting  periphery. 

I  already  took  notice  of  the  swelling  of  Wood  by  mbis- 
-ture.  The  force  exerted  in  this  way  is  sometimes  very 
great.  In  raising  grindstones  from  the  qUarry,  it  is  a 
usual  practice  to  hew  a  long  cylinder,  of  the  diameter  re« 
quired,  and  then  grooves  are  cut  round  it,  'at  the  distance 
required  for  the  thickness  of  a  grindstone.  The  grooves 
are  filled  with  wedges  of  dry  wood.  Water  id  thrown  oh 
them,  and  in  an  hour  or  two  the  whole  column  is  found 
neatly  separated  into  grindstones.  It  is  in  the  same  way 
that  sponge  swells  with  water. 

225.  These  are  not  cases  of|^ere  absorption.  The  wa- 
ter is  draum  into  the  cavities  by  an  active  foree,  acting  at 
aome  small  distance,  otherwise  the  effect  of  mere  adhesion 
would  be  completed  when  the  cavities  are  merely  filled. 
But  more  is  still  attracted,  and  this  causes  the  flexible  ca* 
vities  to  enlarge.  It  would  require  a  pretty  long  discus- 
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«ioii  to  explain  how  this  effect  is  produced.  But  a  reiy 
sHople  instanee  of  the  fact  will  conduce  to  a  better  com- 
prehension  of  the  mechanism  in  more  complicated  cases. 
Scatter  a  few  drops  of  mercury  on  a  plate  of  miiror  glass 
lying  on  a  table^  and  let  the  drops  be  as  nearly  as  possible 
6f  a  SIM.  Lay  on  the  plate  so  sprinkled  another  very 
light  plate  of  mirror  gla^s.  If  the  drops  of  mercury  are 
Attmerous,  and  pretty  Uniformly  distributed^  the  upper 
plate  will  not  greatly  flatten  them.  Now  lay  weights  on 
the  tipper  plate.  The  drops  of  mercury  will  be  more  and 
more  fattened  as  the  weights  are  increased.  Now  let  the 
weights  be  gradually  and  equably  lifted  off.  The  flatten-^ 
ed  drops,  which  are  now  spread  out  to  a  considerable 
breadth,  will  gradually  contract,  and  will  regain  the 
breadthi  which  they  acquired  by  the  first  laying  on  of  the 
plate. 

The  inference  from  these  phenomena  is  incontroverti* 
ble.  The  particles  in  each  drop  of  mercury  are  not  in 
corpuscular  equilibrium  except  when  in  a  spherical  form, 
and  an  elternal  force  is  necessary  for  giving  them  any 
other  shape.  Their  own  gravity  flattens  the  drops^a  lit- 
tle, even  without  the  Upper  plate.  The  weight  of  the 
plate  flattens  them  still  more.  But,  as  it  lessened,  the 
drops  become  more  and  more  spherical.  This  cannot  be, 
unless  the  upper  plate  remove  farther  from  the  lower  one 
«»this  it  naturally  does,  tn  like  ;nanner,  in  the  foiling 
of  looking'^glasses,  it  is  necessary  to  lay  on  a  very  great 
weight  to  squeeze  out  all  the  mercury  that  is  not  abso« 
lutely  necessary  for  saturating  the  tin  foil,  and  if  these 
are  taken  off,  a  great  quantity  of  mercury  is  again  sucked 
in.  I  found  that  a  plate  of  18  inches  by  14  sucked  in  5^ 
ounces,  which  must  have  raised  the  plate  about  /-^th  of  an 
inch.  .Therefore,  in  these  facts  it  appears,  that  the  drops 
tend  to  a  spherical  form  with  Jbrc€f  for  they'^Iift^up  the 
plate,  even  when  loaded  with  weights.  . 

236.  It  is  evident,  from  the  different  heights  to  which 


f/ 
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the  same  glass  will  raise  different  liquors,  and  different 
kinds  of  glass  raise  the  same  liquor,  that  it  is  a  specific 
attraotion,  depending  on  the  constitution  of  the  particles, 
both  of  the  solid  and  the  fluid.  Sir  Isaac  Newton  ob- 
served a  phenomenon  of  the  same  kind  with  respect  to  the 
action  of  bodies  on  the  rays  of  liglit.  He  observed,  that 
when  a  beam  of  the  sun^s  light  passed  bj  the  edge  of  a 
knife^  or  apy  other  solid  body,  the  rays  of  one  colour 
were  more  deflected  than  those  of  another  which  pfassed  by 
at  the  very  same  distancei  Also^  a  blue  ray  was  as  much 
deflected  when  it  passed  at  the  distance  of  ^J^jthofan 
inch  as  a  red  ray  which  passed  at  the  distance  of  ;^  jth  of 
an  inch.  In  short,  he  observed^  in  those  delicate  experi- 
ments, that  the  forces  exerted  between  the  light  arid  the 
solid  body  varied  by  a  variation  of  distance,  just  as  gra- 
vity does,  (though  not  in  the  same  proportion),  and  was 
4liff*erent  in  relation  to  the  differently  coloured  rays,  there- 
fore specific.  Having  also  demonstrated  that  reflection 
and  refraction  are  performed  by  means  of  the  same  forces 
which  produc^f  the  inflections  and  deflections  now  men- 
tioned, Newton  justly  inferred,  from  the  different  refract- 
ing qualities  of  different  bodies^  that  those  forces  are  also 
specific  in  respect  of  different  substances,  and  that,  in  par- 
ticular, the  particles  of  inflammable  bodies  exert  stronger 
forces  than  others.  From  this,  his  sagacious  mind  con- 
jectured that  diamond  is  an  inflammable  body^  a  conjec- 
ture which  has  been  completely  verified  within  these  few 
years.  Mr  Tennanfs  experiments  prove  it  to  be  the 
poorest  specimen  of  carbon* 

227.  When  we  reflect  on  this  specific  nature  of  the 
forces  which  produce  the  phenomena  of  capillary  attrac- 
tion, and  the  share  which  these  phenomena  have  in  many 
natural  operations,  several  considerations  are  suggested 
which  seem  deserving  of  notice.  I  am  persuaded  that 
much  of  the  operation  of  the  absorbent  system  in  animals 
^  and  vegetables  depends  upon  mere  capillary  attraction^  or, 
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at  least,  upon  mere  mechanical  corpuscular  force.  I  ima- 
gine that  it  is  chiefly  in  this  way  that  the  nutritious  and 
otherwise  useful  parts  of  our  food  are  taken  up  by  the 

'  lacteals  from  the  intestinal  canal,  and  conveyed  to  other 
parts  of  the  body.  If  so,  much  of  the  operation  depends 
on  the  orifice  by  which  a  lacteal  communicates  with  the 
intiestina  The  operation  will  be  affected  by  a  change  of 
mere  aperture— -it  will  be  affected  by  every  change  ih  the 
constitution  of  that  orifice,  as  also  of  the  fluid  taken  up. 
By  the  diiierence  of  its  substance,  a  vessel  of  the  same  dia* 
meter  with  another,  and  opening  into  the  same  canal,  may 
abstract  very  different  juices,  and  in  this  way  various  se« 
cretions  may  arise-— a*  change  of  composition,  whether  in 
the  fluid  or  the  vessel,  may  accelerate  or  obstruct  the  ope- 
ration *.  Capillary  attraction,  therefore,  seems  to  deserve 
the  attention  of  medical  men.  The  poor  inhabitants  of 
the  island  of  Ormus,  who  cannot  afford  to  bring  fresh 
water  from  the  Continent,  are  said  to  <]|uench  their  thirst 
by  lying  down  in  cisterns  of  sea  water.  I  saw  an  experi- 
ment of  the  same  kind,  made  in  1761,  at  the  Royal  Aca- 
demy at  Portsmouth.  A  man  who  had  abstained  from 
drinking  till  his  mouth  was  parched,  went  into  a  tab  of 

•  sea  water,  and  in  a  quarter  of  an  hour  his  thirst  was  &t« 
most  gone,  and  he  could  spit  freely.  His  skin  had  ab- 
sorbed a  very  considerable  quantity  of  fresh  water. 
.  328.  We  know  that  in  like  manner,  a  plant  that  lan- 
guishes for  want  pf  water  will  be  completely  refreshed  by 
immersion,  although  none  gets  at  the  roots.  At  the  same 
time  it  is  probable  that,  both  in  the  animal  and  vegetable 


*  Some  ezpeHmdDtit,  ^y  a  very  tntcllig«nt  and  ingenious  gentfernpn,  on 
the  TiKe  of  the  oil  and  tallow  in  the  vick  of  a' lamp,  shew  remarkable  di^'ec- 
ences  in  this  respect.  The  publication  of  these  experiments  might  produce 
great  improvement  in  the  manufacture  off  candles,  aad  the  preparation  of 
inflammable  matter.  I  hope  that  the  ingenious  author  will  not  withhold 
them  from  public  service. 
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eeonofkiy,  organical  stnictore  and  na^chatti^m  are  e0il« 
eerned  in  these  operations.  Aitbough  the  greatest  part 
of  the  juices  rise  through  the  plaot  by  mere  capillary  at^ 
traction,  it  is  very  likely  that  there  are  also  contriTances 
in  the  rooti  which  may  be  said  to  force  or  pump  it  up, 
and  Taives  to  prevent  its  improper  return. 

Having  employed  so  much  time  in  describing  the  phe^ 
nomena  of  corpuscular^  action  between  the  particles  of 
aolids  and  fluids,  I  shall  be  more  brief  in  my  account  of 
such  ^  appear  in  the  action  of  solids  on  solids.  A  small 
number  will  suffice* 

S89.  When  naturalists  intimated  their  acquiescence  ia 
the  conjecture  of  Newton,  that  cohesion  was  effected  by 
means  of  mutual  forces  acting  beyond  the  particles,  it 
was  said  that  were  this  th^  case,  nothing  more  is  wanted 
for  reuniting  two  pieces  of  broken  glass  but  putting  them 
fogether  again.  But  this  is  altogether  contrary,  say  they^ 
to  experience.  But  we  should  not  expect  this,  as  the  law 
of  corpuscular  action  is  unknown  (at  least  as  yet)  we  can-^ 
not  tell  but  that  ^t  a  distance  somewhat  greater  than  th^ 
distance  of  cohesion,  the  particles  niay  repel  each  other* 
This  is  not  absurd,  but  it  is  not  even  improbable.  Wt 
see  that  magnet«  having  their  similar  poles  fronting  eaeb 
other,  repel  at  all  considerable  distances,  but  when 
brought  very  near^^  they  generally,  though  not  always, 
attract  each  other.  What  should  hinder  partiekf  from 
having  a  similar  relation.  It  may  require  a  great  force 
to  bring  the  parts  of  a  broken  body  near  enough  for  giv- 
ing occasion  for  the  exertion  of  attracting,  forces^  Be- 
sides, when  we  press  together  the  sjurfaces  of  the  fracture^ 
it  is  perhaps  only  in  a  few  points  that  they  are  near 
enough  for  attraction.  Accordingly,  it  is  known  that  if 
two  pieces  of  metal  are  scraped  very  clean,  a  severe  blow 
will  make  them  cohere  so  as  to  be  inseparable.  It  is  thus 
that  flowers  of  gold  and  silver  are  fixed  on  steel  and  other 
metals.    The  steel  is  first  scraped  clean^  and  a  thin  bit 
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of  gold  OX  iUver  ia  Uid  on  it,  mi  tjien  the  4ie  is  iqppUed 
bj  ^  $Vropg  blow  with  a  hi^mmer. '  It  is  remarkable  tha^ 
^07  will  9pt  ffdhens  with  such  finpness,  if  th^y  adberf 
at  all,  when  \}\e  surfai^es  bare  been  polished  in  the  usual 
way,  with  $ne  powders,  S^c.  This  is  always  done  with 
the  h^Ip  of  gre^s^  matters.  Soine-  of  tbi^  prob^b^j  ve^ 
i^^insi  and  preve^its  th^t  ^^cific  aetion  that  is  necessary. 
I  am  dispo^d  t^  think  that  the  ser^ping  the  yurfaqes  alsfi 
qpemtfs  ill  ai)pt|^r  way,  Ti*.  by  filling  the  ayrfaqe  with 
iofatchesa  that  is,  ridges  and  (vnrow^.  Tbese  «llow  th^ 
air  to  escape  as  the  pieces  coine  together  by  the  bleWf 
If  the  Biere  blow  ware  sufQcjent^  a  coin  wpuld  adhere 
f^sif  to  the  die<  But,  \n  cpiningt  the  flat  faee  Qf  the  die 
fifiit  olQie?  with  the  piece  of  metal|  and  efTectually  con^ 
Qnes  the  i|ir  wl^ich  fills  th^  hcdlow  that  is  tQ  form  the 
relief  qf  the  iKxin.  This  aiir  must  hf  compressed  to  9 
predigioYii  degroe,  ^nda  in  thi9  statei  i(  is  still  between 
the  die  wA  the  cein*  We  may  sfty  that  the  impression 
on  the  ^oin  is  really  forin^  by  this  included  air ;  for  the 

metal,  in  this  part  of  tl^e  eqin,  i^  never  in  contact  wit^ 
the  die,  I  knew  of  |wii  cf^ses  whicl^  greatly  confirm  this 
conjecture*  The  die^  ehaaced  to  crack  in  the  highest 
part  of  the  relief,  fuid  after  this>  were  Ihrowu  ^ide,  (al- 
tbough  in  ene»  ff  r  a  cpinnipn  coin,  the  crack  was  quite 
insignificant),  be^iise  ()ie  coi^  cqnld  seldom  be  parted 
from  them. 

280.  Air  seems  to  adhere  to  most  bodies.  When  cold 
distilled  vyaier  is  poured  into  e  glass  which  baa  been  pre- 
viously cleared  from  all  d§inpne^  i^ufnerous  iiir-bubblea 
are  observed  to  form  ail  over  the  gl^s;  and,  by  tapping 
it  with  any  thing  hard,  they  are  disengaged,  smd  others 
are  formed  in  their  places.  The  air  seems  to  be  disen- 
gaged by  the  superior  afSnity  of  the  w^ter.  Mow,  this 
air  may  be  an  obstacle  to  the  approximation  of  the  bodies 
that  is  required  for  briAging  tb^^  ettri^ctive  force  of  cohe- 
sion into  action,   In  ductile  bodies,  whose  constitution  ap- 
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»       •  ... 

proaches  to  softness,  the  due  approximation  may  be  easilr 
effected.  Thus,  two  pieces  of  lead  (and,  I  am  well  in- 
formed, of  pure  gold)  maj  be  forced  into  perfect  cohesion 
by  a  strong  pressure,  combined  with  a  sliding  motion, 
when  they  are  made  very  clean.  Two  pieces  of  the  gum 
caoutchouc,  fresh  cut  with  a  clean  knife,  when  pressed  mo- 
derately together,  adhere  as  strongly  as  any  other  part. 
I  apprehend,  however,  that  it  is  a  very  difficult  thing  to 
bring  the  surfaces  of  two  bodies  as  near  as  the  natural 
distances  between  their  particles.  The  grounds  of  my 
opinion  will  soon  appear. 

231.  There  is  a  precious  experiment  by  Mr  Huyghens 
in  No.  66.  of  the  Philosophical  Transactions.  A  piece  of 
mirror  glass  being  laid  on  the  table,  and  another,  to  which 
a  handle  was  cemented  on  one  surface,  being  gently  press- 
ed on  it,  with  a  little  of  a  sliding  motion,  the  two  ad- 
hered, and  the  one  lifted  the  other.  Lest  this  should 
have  been  produced  by  the  pressure  of  the  atmosphere, 
Mr  Huyghens  repeated  the  experiment  in  an  exhausted 
receiver,  with  the  same  success. 

Here,  then,  is  a  most  palpable  demonstration  that  the 
adhesion  is  the  effect  of  corpuscular  attracting  forces.  It 
may  be  ascribed  to  the  attraction  of  gravitation,  with  as 
much  propriety  as  the  attractions  in  Mr  Cavendishes  ex- 
periment mentioned  in  §  475.  But  another- valuable  part 
of  Mr  Huyghens^s  experiment  overturns  this  supposi- 
tion. 

He  found  that  one  plate  carried  the  other,  although 
they  were  not  in  mathematical  contact,  but  had  a  very 
sensible  distance  between  them.  He  found  this  by  wrap- 
ping round  one  of  the  plates  a  single  fibre  of  silk  drawn 
off  from  the  cocoon.  The  adhesion  was  vastly  weaker 
than  before,  but  still  sufficient  for  carrying  the  lower 
plate. 

Here  then  is  a  most  evident  and  incontrovertible  ex- 
ample  of  a  mutual  attraction  acting  at  a  distance.     Mr 
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Pluyghens  found  that  if^  in  wrapping  the  fibre  round  the 
glasS)  he  made  it  cross  a  fibre  already  wrapped  round  it| 
there  was  no  sensible  attraction.  In  this  case,  the  glasses 
were  separated  by  a  distance  eqoal  to  twice  the  diameter 
of  a  fibre  of  «ilk. 

232.  I  said  that  this  ezpeHment  shewed  that  it  was  not 
the  attraction  of  gravitation  that  produced  the  adhesion. 
I  have  repeated  the  experiment  with  the  most  scrupulous 
care,  measuring  the  distance  of  the  glasses  (the  diameter 
of  a  silk  fibre)  and  the  weight  supported.  I  find  this,  in 
all  cases,  to  be  nearly  144  times  the  action  of  gravity* 
The  calculation  is  obvious  and  easy.  I  tried  it  in  distances 
considerably  different,  according  to  the  diameter  of  the 
fibre.  I  must  inform  the  person  who  would  derive  his 
information  from  his  dwn  experiments,  that  there  are 
many  circumstances  to  be  attended  td  which  are  not  ob~ 
vious,  and  which  materially  afi*ect  the  result.  The  silk 
fibres  are  not  round,  but  very  flat,  one  diameter  being 
almost  double  of  the  other.  The  2400th  part  of  an  inch 
may  be  considered  as  the  average  smaller  diameter  of  a 
fibre.  A  magnifying  glass  must  be  used,  and  great  pa^ 
tience  in  wrapping  the  fibre  round  the  glass  so  that  it  may 
not  be  twisted.  A  flaxen  fibre  is  much  preferable,  whett 
gotten  single,  and  fine  enough,  for  it  is  a  perfect  cylinder^ 
I  must  also  inform  him,  that  no  regularity  will  be  had 
in  experiments  with  bits  of  ordinary  mirror ;  these  are 
neither  flat  enough^  nor  well  enough  polished.  We  must 
employ  the  square  pieces  which  are  made  and  finished 
by  a  verjf  few  London  artists  for  the  specula  of  the  best 
Hudley'^s  quadrants.  These  mtist  be  most  carefully  clear-* 
ed  of  all  dust  or  damp.  Yet  this  must  not  be  done  by 
wiping  them  with  a  clean  cloth  ;  this  infallibly  deranges 
every  thing,  by  rendering  the  plate  electrical.  I  succeed^ 
ed  best  by  keeping  them  in  a  glass  jar,  in  which  a  piece 
of  moist  cloth  was  lying,  but  not  touching  the  glasses. 
Whenwanted^  the  glasses  are  taken  out  with  a  pair  ff 
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tongs,  and  held  a  little  while  before  the  fire,  which  dissi- 
pates the  damp  which  had  adhered  to  them,  and  which 
prevented  all  electricity.  With  these  precautions,  and  a 
careful  measurement  of  the  diameter  of  the  silk  fibre,  the 
experiments  will  rarely  differ  among  themselves  one  part 
in  ten. 

There  is  another  circumstance  to  be  particularly  attended 
to.  Although  one  plate  will  lift  the  other  by  means  of  a 
Tery  gentle  pressure,  it  will  not  long  support  it  without 
the  utmost  attention.  The  lower  piece  always  slides  to 
one  side,  and  drops  off.  Hence  some  have  ascribed  the 
transitory  adhesion  to  the  pressure  of  the  air,  which  is  at 
an  end  as  soon  as  enough  of  air  has  insinuated  by  the  sides. 
But  a  little  reflection  will  convince  any  one  versant  in 
hydrostatics  and  pneumatics,  that  this  supposition  is  alto^ 
gether  erroneous ;  without  a  mutual  attraction,  the  glasses 
Would  not  adhere  for  a  moment,  having  air  already  between 
them. 

The  glas^  drops  off  by  the  sliding  to  one  side,  because 
It  is  next  to  impossible  to  hold  the  glasses  perfectly  level. 
If  in  the  least  inclined  to  the  horizon,  the  lower  glass, 
having  no  obstruction  from  any  thing  like  friction,  glides 
Rlong  the  inclined  plane  with  perftct  freedom.  If  the 
plates  have  been  hard  pressed,  with  a  sliding  or  grinding 
tnotion,  the  adhesion  is  then  either  very  strong,  or  nothing 
at  all ;  when  they  do  adhere,  it  seems  to  be  another  stage 
pr  alternation  of  the  force,  as  will  be  explained  by  and  by. 
But  they  rarely  adhere,  owing  to  fragments  torn  off  by 
the  grinding.  The  glasses  will  be  scratched  by  it. 
-  I  thought  this  capital  experiment  worthy  of  a  very 
minute  description,  it  being  that  which  gives  us  the  means 
of  mathematical  and  dynamical  treatment  in  the  greatest 
perfection. 

233.  We  are  not  to  imagine  that  the  cprpuscular  force 
which  we  have  just  now  considered  is  the  attraction  of 
cohesion.    This  would  be  to  suppose  that  v^^tFV^^  ^^  ^ 
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ihcli  is.  neairty  the  natural  distance  of  the  particlies  of  co- 
herent bodies.  .  But  it  certainly  exceeds  that  distance  many 
thousand  times.  In  the  manufacture  of  gold  lace,  a  silver 
wire  is  covered  with  a  certain  quantity  of  gold  leaf,  and 
then  drawn  to  an  extreme  fineness.  We  are  certain  that 
the  covering  of  gold  is  not  more  than  one  fourteen  millionth 
part  of  an  inch  thick.  Yet  this  film  is  so  continuous  and 
compact,  that  the  microscope  can  discover  no  pores  in  it, 
and  it  completely  defends  the  inclosed  silver  from  the  action 
of  aquafortis.. 

It  is  now  time  to  take  notice  of  a  cdt-puscular  action 
extremely  different  from  those  hitherto  mentioned.  Every 
one  has  observed  certain  insects  ruii  about  on  the  surface 
of  the  water  without  sinking  or  wetting  their  feet.  If 
one  of  them  be  carefully  viewed  with  a  magnifying  glass, 
a  pit  will  be  observed  on  the  surface  of  the  water  all  round 
each  foot,  resembling  what  is  made  in  a  mattress  or  feather 
bed  when  a  person  stands  on  it.  If  the  feet  of  those  insects 
be  examined  with  a  microscope,  they  will  be  seen  to  con- 
.sist  of  five  or  six  spreading  hairs,  ranged  as  the  rays  of  A 
star  are  usually  drawn.  When  on  the  water,  each  fibre 
.is  surrounded  by  a  pit  much  broader  than  the  fibre. 

By  these  extensive  pitsj  a  quantity  of  water  is  displaced, 
equal  in  weight  to  the  insect,  and  the  insect  is  supported. 
Yet  the  feet  are  not  wetted.  There  is  something  which 
keeps  the  water  from  coming  into  contact,  which  keeps  it 
at  a  distance,  and  thus  forms  the  pit:  perfectly  sin^ilar  to 
this  is  the  common  experiment  of  making  a  clean  and  po- 
lished needle  swim  on  water.  It  forms  just  such  a  pit» 
and  is  buoyed  up  in  the  same  wayj 

The  feet  of  the  insect,  and  the  needle,  repeZ  the  water^ 
exerting  eorpuscular  forces  directly  opposite  to  attraction^ 
We  may  call  them  rqmlsionSf  without  pretending  to  ex- 
plain their  meah^  of  acting,  merely  to  distinguish  the 
eifect.  Of  such  forces  there  is  a  vaiit  variety.  It  is  owing 
.to  such  repulsions  that  it  is  so  difficult  to  wet  many  pow- 
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den,  sucb  as  that  of  the  puff-ball,  the  Ijcopodium.  It  is 
this  which  makes  the  down  and  the  fur  of  aquatic  birds 
and  beasts  almost  impenetrable  to  water. 

234.  It  is  owing  to  this  that  we  see  a  dew*drop  lie  so 
beoutifully  brilliant  on  the  leaves  of  plants  in  the  morning; 
"^e  have  the  ftiUest  assurance  from  the  laws  of  optics- that 
the  part  of  its  surface  where  the  reflection  is  so  brilliant 
is  not  in  contact  with  the  leaf.  The  dew-drop  may  some* 
times  be  made  to  roll  along  the  leaf,  retaining  all  its  bril- 
liancy. In  this  case  it  makes  no  watery  trace  on  it.  One 
may  see  the  effect  of  contact  very  plainly  by  taking  a 
little  drop  or  ball  of  crystal,  and,  attending  to  the  viva- 
city of  the  reflection  from  its  posterior  surface,  touch  the 
surface  of  water  with  that  part  which  reflects  with  such 
vivacity ;  the  vivid  reflection  is  destroyed  in  that  instant, 
and  scarcely  any  reflection  remains.  I  have  often  observ- 
ed the  large  drops  of  a  warm  Summers's  shower  roll  about 
for  a  second  or  two  on  the  surface  of  still  water,  and 
some  of  the  small  drops  whidi  they  have  dashed. up  have 
fallen  down  and  rolled  about  for  a  long  while,  allowing 
me  to  drive  them  about  by  fanning  them,  They  are  re- 
markably brilliant  while  thus  rolling  about,  thus  shewing 
incontestibly  that  they  are  not  in  contact  with  the 
water 

We  shall  soon  have  abundant  evidence  that  the  dbtanee 
at  which  one  body  in  this  manner  supports  another, 
giving  rise  to  physical  contact,  and  giving  us  the  sen- 
sation of  touch  or  feeling,  is  considerably  less  than  the 
disUnce  between  the  glasses  in  the  Uuygbenian  expe- 
riment.' It  is  reasonable  therefore  to  conclude,  that  in 
some  intermediate  distance  between  the  diameter  of  a 
ailk  fibre  and  the  distance  of  a  dew-drop  from  the  leaf, 
the  bodies  neither  attract  nor  repel.  They  will  repel  if 
pushed  nearer,  and  attract  if  separated  a  little.  Such  al- 
ternation is  observed  in  some  magnetical  eiperiments,  and 
we  pan  generally  put  the  magnets  at  that  intermediate 
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distance  in  which  thej  neither  attract  nor  repel.  But 
when,  as  in  the  case  of  the  drops  that  we  have  been 
speaking  of,  one  body  is  carrying  the  weight  of  another, 
thej  are  somewhat  nearer  than  the  distance  of  inactivity. 
They  are  so  much  nearer,  that  a  mutual  repulsion  is  ex- 
erted, equal  to  the  weight  of  the  drop ;  and  when,  m 
Huygbens^s  experiment,  one  glass  plate  suspends  another^ 
ihey  are  at  a  distance  somewhat  greater  than  the  dis- 
tance of  inaction :  they  are  so  much  more  distant  that 
both  exert  an  attraction  equal  to  the  weight  of  the  sua* 
pended  glass.  These  case^  resemble  what  happens  when 
a  body  is  supported  by  a  spring.  When  laid  on  the  springs 
it  com^M'esses  it  till  an  elasticity  is  exerted  equal  to  the 
'weight  of  the  body,  Wb^n  suspended  from  the  spring, 
it  stretches  it  till  a  sufficient  elasticity  is  exerted.  But 
*while  the  spring  is  of  its  natural  shape,  no  elasticity,  • 
either  attractive  or  repulsive,  is  exerted. 

836.  I  have  already  mentioned  the  observations  of 
Newton,  in  which  it  appeared  that  when  the  rays  of  light 
pass  by  the  edge  of  a  solid  body  at  a  ciertain  distance, 
they  are  inflected  towards  it;  if  at  another  distance,  they 
are  deflected  from  it ;  and  if  at  a  third  distance,  they  are 
inflected  towards  it ;  and  if  at  a  fourth,  they  are  deflect- 
ed, &c.  be.  But  these  observations  may  be  thought  pe> 
culiar  to  the  action  of  bodies  on  light,  and  even  to  d^ 
pend  on  a  certain  theory  concerning  the  nature  of  light. 
But  there  is  another  observation  of  Newton'^s  more  di- 
rectly and  unequivocally  to  our  purpose,  shewing  that  solid 
bodies  act  on  one  another  at  a  measurable  distance. 

836.  If  we  take  the  object  glass  of  a  long  telescope, 
having  its  radius  of  convexity  not  less  than  16  or  20  feet, 
and  lay  it  on  a  piece  of  very  flat  and  well  finished  mirror^ 
or  a  piece  of  finely  polished  metal,  or  black  marble,  we 
shall  not  observe  any  thing  remarkable  in  the  reflection  of 
the  light,  unless  the  object  lens  b  heavy,  or  is  pressed 
down  by  the  hand.    'But  if  we  press  it  down,  we  shaU  ob* 
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serve  in  the  place  of  contact  of  the  convex  lens  and  flat 
surface,  something  like  a  greasy  spot,  having  the  uncertain 
pearly  colour  of  a  fish  scale.    Pressing  harder,  we  observe 
a  coloured  ring  form  round  the  point  of  contact,  reflecting 
white  light  in  the  middle  of  its  breadth,  with  blue  on 
its  inner  edge,  and  red  on  its  outer  edge.     Pressing  still 
harder,  the  ring  enlarges  in  diameter,  and  a  new  spot 
forms  in  the  centre,  which,  by  greater  pressure,  becomes 
a  ring,  and  is  succeeded  by  another  central  spot.    And 
this  succession  may  be  continued  till  a  great  number  of 
rings  are  thus  produced.    A  more  careful  examination 
shews  us  that  it  is  not  a  sucpession  of  spots  which  occupies 
the  centre,  but  of  simple  colours,  which  follow  one  ano- 
ther in  a  determined  order,  so  as  to  form  rings  such  as 
have  been  described  blue  on  the  inner  edge,  and  ruddy  on  * 
the  outer.     When  the  pressure  is  made  very  strong,  a 
bright  silvery  spot  appears  in  the  centre,  ruddy  all  roundj; 
and  the  next  increase  of  pressure  produces  a  black  spot  in 
the  middle  of  the  silvery  spot,  as  if  a  ragged  hole  were 
made  in  a  round  bit  of  silver  leaf. 

.  If  we  iiow  gradually  diminish  the  pressure,  we  shall 
see  the  rings  contract,  and  vanish  in  the  centre  in  succes- 
sion. 

237.  On  this  observation  Newton  erefcted  a  most  inge- 
nious fabric  of  optical  doctrines,  which  will  be  considered 
in  their  proper  place.  He  immediately  began  to  consider 
every  thing  mathematically.  He  measured  the  diameters 
of  the  rings,  and,  knowing  the  convexity  of  the  lens,  he 
calculated  the  distances  between  them  in  the  brightest 
part  of  each  rings,  and  he  found  that  the  distance  at  each 
ring  exceeded  the  distance  at  the  ring  immediately 'Withtn 
>^  ^y  vvhjsjs^^^f  An  inch  nearly.  He  also  found  that  these 
successive  diflerences  were  all  equal.  For  the  diameters 
of  the  rings  were  as  the  square  roots  of  the  numbers  1,  3, 
5,  7,  &c.  and  the  diameters  of  the  dark  spaces  between 
them  as  the  square  roots  of  the  numbers  3,  4,  6>  8,  &c. 
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Newton^s  mind  being  completelj  occupied  by  the  im^ 
portant  optical  inference  which  he  drew  from  this  pheno- 
mena, he  paid  no  attention  to  the  circumstance  in  whicl^ 
ore  are  now  chielQy  interested,  namely,  the  pressure  that 
must  be  employed  to  produce  these  rings.  He  counted 
in  favourable  circumstances  upwards  of  20  rings,  which  he 
had  followed  with  his  eye  from  their  first  formation  in 
the  centre  till  their  greatest  expansion.  Suppo^  that  he 
observed  SO  in  this  manner.  He  concluded,  that  when 
the  black  spot  appeared  in  the  centre  the  glasses  were 
then  in  contact,  and  not  before.  On  this  supposition,  the 
distance  between  the  glasses  at  the  90th  ring  is  xisVcth  of 
an  inch.  Very  rarely,  however,  would  he  perceive  a  ring 
at  so  great  a  thickness  of  the  glass  without  some  optical 
assistance  which  he  describes. 

238.  Now  it  is  a  matter  of  fact  that,  unless  the  lens  be 
heavy,  or  pressed  down,  no  coloured  spot  appears  in  the 
centre.  The  glasses  therefore  are  not  i^i  contact,  but  are  di^ 
tant  from  one  another  at  least  97  j^th  of  an  inch.  At  this 
distance  the  lower  glass  supports  the  weight  of  the  uppejr 
glass.  If  pressure  be  added  to  this  weight,  the  glasses  are 
brought  nearei:,  and  this  approximation  is  indicated  by 
the  colour  which  appears  in  the  centre.  Every  time  thsit 
we  produce  the  red  in  the  centre,  by  increasing  the  pres« 
sure,  we  must  conclude  that  the  glasses  are  37  J^^^th  of  an 
inch  nearer  than  they  were  at  its  preceding  appearance ; 
and  thus  a  relation  may  be  discovered  between  the 
distances  and  the  intensities  of  the  resisting  forces,  in  the 
same  manner  as  Newton  inferred  the  law  of  gravity  from 
the  deflections  produced  by  it. 

Nothing  can  be  better  established  than  the  conclusion 
from  this  experiment,  viz.  that  those  bodies  act  on  each 
other  at  a  distance,  in  the  same  sense  of  the  words  as 
when  we  say  that  the  sun  and  planets  act  on  one  another. 
We  may  say  that  they  repel  one  another,  in  the  same 
way  as  we  say  that  two  magnets,  or  two  electrified  bodies^ 
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repel  one  another.  We  do  npt  mean  by  tbia  ab1>reviaiion 
of  language  to  assign  the  mode  of  action,  bnt  merely  the 
Appearance  of  the  efiect. 

239.  I  haf  e  repeated  this  experiment  of  Newton  with, 
great  care,  and  I  find  it  most  acc<irately  described  by  their 
illustrious  author.  I  hoped  to  ascertain  the  law  of 
bction  by  means  of  the  pressures  employed.  But  I 
found  myself  unable  to  express  the  relation  between 
the  distance  and  force  of  the  acting  particles  by  an  equa« 
tion.  We  may  easily  see  that  this  mns^  be  difficult; 
for  it  is  not  the  central  particles  alone  that  are  actings 
but  also  those  ail  around,  to  an  unknown  distance,  were 
Acting  with  different  forces.  The  experiment  requires 
•very  well  finished  glasses ;  ordinary  low  priced  lenses  are 
good  for  nothing  in  this  research ;  their  errors  of  figure 
bearing  a  considerable  proportion  to  ^^^Q^th  of  an  inch. 
But  they  shew  the  rings  very  well,  if  the  conrexity  be 
sufficiently  small.  Eren  the  lens  of  a  pair  of  spectacles 
will  do  this,  if  it  is  of  20  or  30  inches  focal  distance,  but 
the  rings  will  be  exceedingly  small,  and  scarcely  distin^ 
guishable. 

^Newton  supposed  that  the  glasses  wer^  in  absolute  ma- 
thematical contact  where  the  black  spot  appeared,  for 
which  reason  he  thought  it  was  that  they  allowed  the 
light  to  pass  through  as  if  they  had  been  one  continuous 
mass  of  glass.  But  it  may  be  asked  what  authority  New- 
ton had  for  this  supposition.  We  are  indebted  to  him 
for  a  complete  answer  to  this  question,  but  an  aq«wer  very 
different  from  his  declared  opinion.  This  we  obtain  by 
means  of  another  precious  experiment  Of  NewtonV  The 
beautiful  colours  of  a  soap  bubble,  which  bad  often  amus- 
ed him  in  his  boyish  years,  now  recurred  to  hi«  memory 
with  strong  persuasions  of  -their  importance  in  his  pre- 
sent speculations,  and  he  immediately  examined  them  with 
the  attention  of  a  philosopher. 

240.  Having  blown  a  soap  bubble  of  a.  small  siz^  he 
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coFered  it  with  a  bell  glass,  to  ward  off  the  disturbance 
by  the  air,  and  carefully  noted  the  appearances  of  colour* 
in  tbe  bubble.  He  saw,  after  some  little  time,  like  a 
pearl-coloured  spot  in  the  ¥ery  uppermost  point  or  zenith 
of  the  soap  bubble.  Thb  in  a  little  spread  itself  into  a 
round  spot,  ruddy  in  the  centre,  and  blue  round  the  cir- 
cumference. This  widened  into  a  ring,  ruddy  within  and 
purple  without.  Another  spot  formed  in  the  centre ;  this 
also  became  a  rmg,  the  other  ring  enlarging  in  the  mean 
time.  The  second  spot  became  a  ring,  and  was  succeeded 
by  a  third,  which  underwent  the  same  change.  In  shorty 
coloured  rings  formed  and  enlarged  on  the  upper  hemis^ 
phere  of  the  soap  bubble,  iu  the  same  succession,  and 
having  the  same  colours  as  those  seen  between  the  object 
glasses ;  but  incomparably  larger,  more  distant,  and  more 
brilliant  He  could  sometimes  count  60  of  them,  .^ttet 
«ome  time,  there  formed  in  the  zenith  a  bright  siWer^co* 
loured  spot,  in  which  there  soon  appeared  a  ragged  hole, 
which  sometimes  eqlarged  itself  to  the  breadth  of  one  third 
of  an  inch  or  more,  and  then  the  bubble  burst.  This  cen^ 
tral  dark  spot  seemed  at  first  altogether  without  reflec- 
tion ;  but  more  careful  inspection  shewed  that  it  still  re« 
fleeted  a  minute  quantity  of  light 

Newton  had  already  inferred  from  the  experiment  witk 
the  glasses,  that  the  diflH^rent  colours  reflected  at  different 
distances  from  the  common  centre  of  the  rings  depended 
-on  the  different  distaiices  of  the  glasses.  Here,  in  the 
experiment  of  the  soap  bubble,  we  have  the  same  succes- 
sion of  colours.  Newton  explains  them  by  observing  that 
the  bubble  grows  gradually  thinner  at  top,  by  the  subsi- 
dence of  the  clammy  liquid,  and  that  the  different  colours 
•  depend  on  the  thickness  of  the  film  where  they  appear. 
He  proved  this  immediately  after  this  discovery,  by  split- 
ting talc  till  it  produced  permanent  colours.  Even  glass 
may  be  Uown  so  thin  as  to  exhibit  them.  But  those  op* 
Ucfd  inferences  are  not  our  proper  object  at  present  It  is 
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enough  that  we  have  seen  that  the  film  may  be  so  veiy^ 
thin  as  to  give  no  vivid  reflection ;  yet  it  has  some  thick* 
ness,  for  the  bubble  exhibits  the  spot  for  some  little  time 
before  it  bursts. 

241.  Here  then  we  have  abundant  evidence  that  the  ap- 
pearance of  the  black  spot  between  the  glasses  did  not 
prove  that  they  were  in  mathematiccd  contact  in  that  place,- 
but  only  that  the  distance  between  them  Was  too  small  for 
producing  any  sensible  reflection  of  light  There  is  no 
doubt  of  the  spot  between  the  glasses,  and  the  spot  in  the 
soap  bubble  being  corresponding  phenomena.  They  are 
remarkably  distinguished  from  all  the  coloured  spots  that 
successively  formed  them.  The  silver>like  rings  which 
surrounded  this  black  spot  are  quite  unlike  all  the  coloured 
rings,  being  incomparably  more  vivid.  But  the  chief  dis- 
tinction is  the  abrupt,  iiTegular,  and  ragged  inner  edge 
of  the  silvery  ring  which  surrounds  the  spot  It  is  ex- 
actly like  a  hole  carelessly  torn  in  the  middle  of  a  bit  of 
silver  leaf,  whereas  the  edges  of  all  the  coloured  tings,  and 
even  the  ouUr  edge  of  this  sHveir  ring,  are  undefined,  like 
the  edges  of  the  rainbow* 

The  conclusion  seems  therefore  unquestionable,  that  we 
have  no  proof  from  the  black  spot  between  the  glasses  that 
they  are  in  mathematical  contact  in  that  place. 

We  know,  by  the  first  experiment,  that  a  very  consi- 
derable force  is  necessary  for  producing  the  black  spot 
A  greater  pressure  makes  it  broader,  and  in  all  probabi- 
lity this  is  partly  by  the  mutual  yielding  of  the  glasses. 
I  found  that  before  a  spot,  whose  surface  is  a  square  inch, 
can  be  produced,  a  force  exceeding  1000  pounds  must  be 
employed.  When  the  experiment  is  made  with  thin 
glasses,  they  are  often  broken  befoi^  any  black  spot  is 
produced. 

243.  What  is  it  that  we  properly,  and  without  any 

»  figure  of  speech,  call  a  pressure  ?    It  is  something  that  we 

are  informed  of  solely  by  our  sense  of  touch.    What  do 
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we  feel  by  means  of  this  sense,  when  the  upper  lens  lies  in 
our  hand  ?  It  is  not  the  matter  of  this  lens,  for  we  now  see 
that  there  is  some  measurable  distance  between  the  lens 
and  the  hand ;  it  is  this  repulsion.  Give  a  blind  man  a 
strong  magnet  in  his  hand,  and  let  another  person  ap« 
proach  the  north  pole  of  a  similar  magnet  to  its  north 
pole.  The  blind  man  will  think  that  the  other  has  pushed 
awaj  the  magnet  he  holds  in  his  hand  with  something  that 
is  soft.  In  the  same  manner,  if  the  blind  man  be  electri- 
fied, another  person  passes  the  open  palm  of  his  hand  to  ' 
and  fro  near  the  blind  man^s  cheek ;  he  will  say  that,  cob- 
webs are  driven  across  his  cheek.  Ail  this  is  owing  to  * 
the  electrified  hand  repelling  every  hair  or  down  of  the 
face,  and  causing  it  to  bend  this  way  and  that  way,  as  if 
it  were  really  touched  by  a  cobweb* 

"rhere  is  therefore  an  essential  difference  between  nuu 
thtmattcal  and  physical  contact ;  between  the  absolute  anni- 
hilation of  distance,  and  the  actual  pressure  of  adjoining 
bodies.  We  must  grant  that  two  pieces  of  glass  are  not  in 
mlEithematical  contact  till  they  are  exerting  a  mutual  pres- 
sure not  less  than  1000  pounds  per  inch.  For  we  must 
not  conclude  that  they  are  in  contact  till  the-black  spot 
appears ;  and  even  then  we  dare  not  positively  affirm  it. 
My  own  decided  opinion  is,  that  the  glasses  not  only  are 
not  in  mathematical  contact  in  the  black  spot,  but  the 
distance  between  them  is  vastly  greater  than  the  89000th 
part  of  an  inch,  the  difference  of  the  distances  at  two  sue- 
cessive  rings.  My  reasons  for  thinking  so  cannot  be  laid 
before  you  till  you  have  acquired  some  optical  knowledge* 

Now  we  have  complete  explanation  of  the  curious  facts 
mentioned  above ;  the  free  motion  of  the  insects  on  the 
surface  of  water.  Its  brushy  feet  are  in  physical,  but 
not  in  matheipatical  contact  with  the  water,  and  by  ro- 
pelling  it,  depress  so  much  of  it  that  they  are  supported. 
And  here  we  have  an  instructive  piece  of  information.  If 
the  water  be  pretty  warm,  or  if  we  mix  a  small  portion 


S62  eoRpascuLAR  action; 

of  ipirits  with  it,  the  insect  can  no  longer  walk  on  it,  bnt 
sinks  on  it  up  to  the  belly.  There  is,  therefore,  in  this 
ease,  a  specific  law  of  corpuscular  action,  suited  to  the  par« 
poses  of  this  insect,  but  different  perhaps  from  the  moire 
general  repulsion  that  takes  place  between  all  bodies.  It 
is  also  explained  how  the  dew-drop  rolls  along  a  cabbage 
leaf,  of  sparkling  brilliancy,  and  does  not  leave  a  trace.  • 

843.  Mr  Saussure  mentions  a  thing  of  the  same  kind^ 
which  I  had  often  observed,  without  reflecting  on  its  cu* 
riosity.     The  particles  of  a  fog  or  mist,  as  they  pass  by, 
rebound  from  any  thing  that  they  are  driven  against  by 
the  wind,  like  a  tennis  ball.    Another  example  mentioned 
by  Saussure  is  very  amusing.    If  a  dish  of  warm  coffee 
without  cream  be  set  in  the  sunshine,  and  sheltered  from 
any  stream  of  air,  the  vesicles  of  vapour  which  rise  from 
it  often  fall  down  again,  and  roll  about  on  the  surface  of 
the  coffee,  most  brilliant  and  sparkling.     Therefore  they 
ure  not  in  contact  with  the  liquor,  because  in  that  case 
you  would  have  no  brilliancy.    In  the  Same  manner  may 
the  rain-drops  of  a  warm  summer  shower  be  often  seen 
to  roll  about  on  the  surface  of  water,  brilliant  like  a 
dew-drop,  and  for  the  same  reason,  because  they  are  not 
in  contact  with  the   surface.      Electricity  supplies   us 
with  fatcts  to  the  same  purpose.     If  the  discharge  of 
the  coated  phial  be  made  through  a  chain  lying  loosely 
on  a  table,  or  on  a  glass  plate,  it  is  rendered  spark* 
ling  all  over.     If  the  chain  be  hanging  in  the  air,  form- 
ing a  bight,  it  will  not  be  nearly  so  luminous  by  the 
discharge.    If  a  great  weight  be  hung  on  its  middle,  no 
light   will  be  observed.     The  explanation  is  easy.    A 
spark  is  produced  at  every  link,  when  they  are  not  in  ma- 
thematical contact.    When  this  is  almost  completely  pro^ 
ducec|  by  the  weight,  the  light  must  cease.    If  a  chain  be 
part  of  a  galvanic  circle,  the  shock  is  not  transmitted  by 
it,  unless  it  be  well  stretched. 

S44,  I  flatter  myself  that  the  experiments  of  Huyghens 
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and  Newton,  and  the  spontaneous  phenomena  of  nature 
which  have  been  mentioned,  shew,  in  a  manner  still  more 
distinct  than  the  phenomena  of  capillary  attraction,  that 
,the  particles  of  tangible  matter  act  on  each  other  with 
moving  forces,  at  certain  small  and  measurable  distances^ 
in  the  same  manner  that  the  sun  and  planets  mutualljr  act 
on  one  another.  But  the  distances  now  under  considenu> 
tion  are  greater,  almost  incomparably  greater,  than  what 
should  be  considered  as  the  natural  cohering  distance  of 
the  particles  even  of  the  rarest  substance.  Therefore  we 
must  not  consider  the  phenomena  which  have  now  bees 
described  as  examples  of  the  action  of  those  forces  which 
produce  the  phenomena  of  cohesion,  in  all  its  modificai> 
tions  of  elasticity,  ductility,  softness,  viscidity,  and  fluidity, 
whether  liquid  or  aerial. 

Yet  these  examples  are  of  the  greatest  use  in  our  bU 
tempts  to  investigate  the  intimate  constitution  of  tangible 
matter ;  because  they  shew  us  that  there  really  exist  in 
nature  mechanical  or  moving  forces,  acting,  like  gravity* 
tion,  at  a  distance,  but  clearly  distinguishable  from  it,  by 
their  law  of  variation  by  a  change  of  distance.  While 
gravity  produces  sensible  effects  at  the  utmost  boundary 
of  the  solar  system,  these  other  forces  seem  limited  in 
their  exertion  to  a  small  fraction  of  an  inch,  perhaps  not 
exceeding  ^^'ooth  part  in  any  instance ;  and  in  this  nar- 
row bounds  we  observe  great  diversity  in  the  intensity^ 
although  we  have  not  yet  been  able  to  ascertain  the  law 
of  variation^  What  is  of  peculiar  moment,  we  have  seen 
that  those  corpuscular  forces  even  change  their  kind  by  a 
change  of  distance,  producing,  at  one  distance,  the  mutual 
approach,  and  at  another  distance  the  mutual  separation 
of  the  acting  corpuscles,  from  being  attractive,  becoming 
repulsive.  Now  when  an  attractive  force,  by  a  gradual 
variation  of  distance,  becomes  repulsive,  we  cannot  avoid 
thinking  that,  if  we  could  hit  on  the  exact  distance,  we 
ahould  find  that  the  particles  neither  attract  nor  repeL 
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We  even  observe  a  phenomenon  which  greatly  resembles' 
this.  When  two  magnets  of  a  soft  temper  are  placed 
with  their  north  poles  fronting  each  others  and  are  at  any 
considerable  distance  from  each  other,  they  invariably  re- 
cede. If  we  push  them  gradually  nearer,  we  find  this 
tendency  to  recede  gradually  increase,  as  the  distance  di- 
-minishes,  till  the  repulsion  acquire  a  maximum  of  inten- 
sity^ after  which  it  rapidly  diminishes^  and  at  a  certain 
distance  of  the  magnets^  it  vanishes  entirely;  and  when  we 
bring  them  still, nearer^  they  evidently  attract  each  other, 
and  this  attrai:tion  increases  till  they  come  into  contact. 

Here  is  a  very  distinct  analogy  with  what  we  have  dis- 
covered on  a  much  smaller  scale.  Nothing  hinders  us 
from  supposing  that  the  force  by  which  cohesion  is  effect- 
ed has  a  similar  law  of  action.  From  this  supposition  we 
can  deduce  certain  distinct  consequences,  which  we  can 
compare  with  the  phenomena  of  cohesion.  We  shall  find 
them  extremely  confoi*mable,  as  will  be  shewn  by  and  by ; 
•and  thus  we  can  form  to  ourselves  mechanical  notions 
of  the  intimate  constitution  of  tangible  matter,  and  of  the 
'procedure  of  nature  in  operating  many  changes  which  we 
see  its  masses  undergo.  We  can  do  all  this  with  a  degree 
of  confidence  which  we  should  never  have  had  without 
those  experiments. 

Let  us  therefore  consider  a  little  the  train  of  conclu- 
sions which  we  are  entitled  to  draw  concerning  the  change 
in  the  corpuscular  forces,  occasioned  by  a  change  of  dis* 
.tance  between  the  particles.  • 

345.  At  all  considerable  distan<ies^  bodies  attract  each 
other  by  gravitation^  but  at  certain  very  small  distances, 
they  repel  one  another^  and  at  other  very  small  distances, 
they  attract. 

246.  (a)  The  distance  at  which  orie  glass  plate  attracts 
another,  in  the  Huyghenian  experiment,  is  greater  than  the 
distance  at  which  they  repel  one  another,  exhibiting  cd- 
.loured  riogStf 
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For,  while  the  one  suspends  the  other,  with  a  silk  fibrie 
interposed,  no  colours  appear  between  them ;  take  away 
the  silk  fibre,  and  press  them  strongly  together,  and  co* 
lours  are  produced :  these  yanish  when  the  pressure  is  re« 
moved,  and  in  this  state  the  plates  again  attract 

247.  (b)  The  distance  at  which  glass  plates  repel,  ex* 
hibiting  colours,  in  Newto^s  experiment,  exceeds  that  in 
which  glass  attracts  water,  in  the  phenomenon  of  simple 
humefaction,  or  capillary  attraction. 

For,  when  water  is  admitted  between,  the  glasses,  in 
which  case  it  is  attracted  by,  and  adheres  to  them,  the 
coloured  rings  appear  between  the  glasses  as  before,  only 
the  thickness  exhibiting  any  particular  colour  is  dimi- 
nished in  the  proportion  of  4  ta  3.  This  shews  plainly 
that  the  adhesive  distance  is  contained  (perhaps  many 
thousand  times)  in  the  colorific  distance.  As  a  farther 
confirmation  of  this,  it  may  be  remarked,  that  when  a  film 
of  water  evaporates  from  a  glass,  the  same  colours  appear 
in  the  vanishing  film,  just  before  it  disappears.  A  drop 
of  oil  of  turpentine,  by  spreading  out  on  the  surface  of 
water,  exhibits  those  colours  when  it  has  become  thin 
enough,  and  they  change  as  its  thinness  advances,  by  its 
diffusion  on  the  surface  of  the  water.  The  thickness  of 
•this  transparent  film  of  oil  of  turpentine  may  be  estimated 
by  comparing  the  diameter  of  the  drop  with  the  extent  of 
its  diffusion*  It  will  be  found  to  have  a  very  sensible 
proportion  to  the  diameter  of  a  capillary  tube  which  sup* 
ports  oil  of  turpentine  at  a  certain  height ;  and  this  shews 
that  this  diameter  is  incomparably  greater  than  the  sphere 
of  capillary  attraction. 

248.  (c)  There  is  the  greatest  reason  for  believing 
that  this  small  distance  is  vastly  greater  than  the  natural 
or  cohesive  distance  between  the  particles  of  glass  or  of 
water.  If  it  were  not,  I  scarcely  can  conceive  how  it  can 
cause  the  water  to  rise  in  the  pipe.  It  would  require  a 
long  discussion  to  make  this  clear,  but  we  are  not  reduced 
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to  tbis  as  tBe  sole  argument.  We  have  now  acquired 
considerable  information  concerning  the  law  of  cohesive 
force,  within  certain  limits.  We  see  that  a  change  in 
their  mutual  distance  is  accompanied  hj  a  change  of 
force.  When  liquids  gather  into  drops,  it  is  because 
the  particles  are  otherwise  at  such  distances  from -one 
another  on  their  diiTerent  sides  that  they  are  not  in 
equilibrio)  and  it  is  only  bj  changing  those  distances 
that  the  balance  can  be  effected.  This  motion  is  a 
clear  indication  of  a  change  of  intensity  by  a  change  of 
distance*  It  is  perhaps  more  distinctly  perceived  by  com** 
pressing  the  fluid.  Here  we  see  that  a  greater  force 
is  required  for  producing,  and  for  maintaining  a  greater 
compression.  Fluids  which  gather  into  drops  are  not  sus- 
ceptible of  gi'eat  compression.  But  aerial  fluids  exhibit  it 
almost  without  limit.  Thus  air  is  seen  in  some  experi- 
ments to  occupy  a  thousand  times  as  much  space  as  in 
some  others^  and  it  will  expand  still  more  if  permitted. 
In  this  expanded  state  its  particles  are  ten  times  more 
distant  from  one  another  than  in  its  denser  state ;  there- 
fore,  in  its  denser  state^  the  mutual  repulsion  must  be  con- 
ceived as  reaching  to  the  tenth  particle.  This  may  per- 
haps constitute  the  mechanical  difference  between  the  agr 
gregation  of  liquids  and  that  of  auns,  gasses^  or  vapours. 
The  action  of  liquids  may  perhaps  extend  only  to  the  ad- 
joining particle,  while  that  of  the  expansive  fluids  may 
extend  over  many^  There  are  great  difficulties  attending 
both  of  these  hypotheses. 

249<  The  change  of  cohesive  intensity  by  a  change  of 
distance  between  the  particles  is  as  distinctly,  or  more 
distinctly  seen  in  the  cohesion  of  solid  bodies.  All  that 
we  are  acquainted  with  are  susceptible  (in  various  de* 
grees)  of  eompression  and  dilatation.  A  greater  force  is 
required  for  producing,  and  for  maintaining  a  greater 
change  of  bulk,  and  when  the  force  is  withdrawn,  the 
body  resumes  its  natural  bulk,  if  the  change  has  jiot  bee^ 
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particles  of  a  solid  body,  wKeii  at  theii^  nafiiral'  (fistahces,' 
neither  attract  nor.  repef.  Wheii  forced  nfearer  to  -oAe* 
another  thej  repfely  aird  When  dsfawn'  asunder  they  at^^^ 
tract.  ^ 

350.  In  our  experiments  of  this  kmd,  a  fai6t  is' obseri^ 
that  is  perhaps  universal.  If  the  cbziliiMsHon  6r  dilata^ 
fion  has  b^n  very  niodbi^ate,  so  ttiiift1i¥  change  of  diS^ 
tance  between  two  adjoining  particles  is"  bu$  a  mihtitc^ 
jk>rtion  of  that  distance,  it  is  found  that  il  is"  i[)roportioiial 
to  the  attractive  or  te[iiilsive  corpuseulat^  fdrce  which  i^ 
excited  by  the  change.  A  double,  triple,  (f^adruple  forc^ 
is  reqiiired  for  toafcihg  a  double,  triple^  or  quadrupl(? 
change  of  distance  betweeh  the'  particles.  Dr  Rob^rf 
Hooke  made  this  discovery  with  respect  to' sprihgs  and 
^11  elastic  bodies,  in  1 660^  and  expressed  it  by  the  phras^ 
ut  tensto  He  vU.  It  was  thi^  observation  that  siiggeste^ 
to  hinfi  Kis  noble  improi^emeni  on  pocket  watches,  by  put- 
tilig  a  spiral  spring  dti  the  axis' of  the  balance.  *  The  ba- 
lance assunies^  ascertain  quiescent  position.  If  any  force? 
can  turn  it  10  degrees  from  this  position,  iii  opposition 
to  the  springs  a  double  force  will  tiirn  it  20  degrees,  ¥ 
tHple  fofce  will  turn  it  30  degrees^  &c.  -  Such  a  balance,' 
therefore,  vibrating  by  the  action  of  this  spring,  will  peri 
form  Its  vibrations  in  the  same  time,  whether  they  extehd 
10,  2D,  or  30  d^greesr  on  each'  side  of  the  quiescent  poT 
sition.  Mr  J.  Bernoulli '  investigated  <the^  curve  int'3 
which  an  elastic  rod  will  be  bent,  oh  the  suppositioh'^teif 
the  attractive  htid  repulsive  forces  which  are liroughtnintd 
action  by  the  bending,  are  proportional  to  the  change 
produced  in  the  distances  between  the  particles.  When 
this  curve  was  compared  with  experiment,  they  coincided 
most  perfectly.  Mr  Coulomb  of  the  French  academy 
suspended  bodies  by  long  wires,  and  then,  twisting  th<! 
wire  a  certain  number  of  turns,  he  let  it  go,  and  observed 
the  oscillations.    He  found- ftem  perfectly  isochrouousj 

VOL.  !•  R 
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wbeU>«r,  the  Kfire  was  twisted  once,  or  teOf  dr  twentf  . 
times.  I'bis  proves  incontrovertibly  that  the  forces  ex<». 
erted  between  the  particles  are  exactly  as  the  changes  of 
distance.  Now  when  this  is  the  case,  we  maj  saj  witb 
confidence  that  those  compressions  are  but  very  minute, 
portions  of  the  natural  -distances  of  the  particles.  The 
truth  of  this  inference  will  8pp€[fr  very  clearly  when  we 
consider  Mr  Boscovich^s  attempt  to  investigate  the  lawa 
of  corpuscular  action. 

Thus  we  see  that  the  analogical  reasoning  concerning 
the  force  of  cohesion,  founded  on  the  actual  observation, 
of  alternate  attractive  and  repulsive  corpuscular  forcea 
altogether  different  from  cohesion,  are  fully  supported  bj 
the  phenomena  of  cohesion  itself. 

251.  !From  a  collective  view  of  all  those  facts,  we  must 
conclude  Uiat  the  forces  by  which  the  particles  of  tangible 
natter  cohere  in  its  various  forms  of  aggregation,  are^ 
like  gravity^  forces  which  act  at  a  distance,  and  that  they 
yary^  both  in  quantity  and  direction,  by  a  variation  of 
distance.  We  must  also  conclude  that  the  distance  at 
which  one  body  suspends  another  (for  it  is  not  confined 
to  the  Huyghenian  experiment  with  glass)  is  greater  than 
that  pf  cohesion  or  capillary  attraction ;  and,  since  we 
0ee  that  enormous  pressures  are  necessary,  in  the  Newto* 
nian  experiment,  to  bring  the  nearest  parts  of  two  bodies 
within  the  89000th  part  of  an  inch  of  each  other,  we 
inust  conclude  that  at  these  greater  distances  the  parti-^ 
cles  of  bodies  act  on  one  another}  and  that  this  repulsive 
actipn  is  probably  the  immediate  cause  of  physical  con« 
tact|  exciting  the  sensation  of  touchy  and  the  feeling  of 
pressure,  and  that  this  is  the  immediate  cause  of  all  the 
mutual  pressures  which  we  observe  bodies  exert  on  each 
ptbtr.  It  is  therefore  the  immediate  cause  of  all  the  mo« 
tioi|s  and  changes  of  motion  which  are  produced  by  those 
pressures*  All  those  niay  and  must  happen  without  any 
real  maldiematical  conta^it  o(f  the  bodies« 
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2&2.  fr&ie  deflection  of  a  pUdet  from  the  tangent  of  its' 
orbit,  the  deflectiota  of  a  cannon  ball  from  its  parabolic 
I^atb,  the  approach  of  a  piece  of  iron  to  a  magnet,  the 
similar  motion  of  electrified  bodies,  the  suspension  of  onie 
plate  of  glass  by  another,  the  repulsion  between  two  ob- 
ject glasses,  the  motion  of  one  body  when  it  is  struck  by; 
anotW  (arising  from  the  same  repulsion),  the  motion  of 
water  in  a  capillary  tube,  and  the  motion  of  ^the  particles 
of  a  springy  body  when  it  is  bending  or  unbending,  are' 
ail  facts  of  one  kind.  They  are  all  e()uaUy  the  effects  of 
natural  powers  which  act  between  distant  particles.  Of 
this  I  apprehend  erery  intelligent  person  will  be  per- 
suaded, if  he  steadily  confined  his  attention  to  the  pairti- 
deer  tealfy  in  action. 

SAS.  If  a  vortex,  or  a  stream  of  fluid  of  any  kind,  be' 
considered  a^  necessary  for  explaining  the  deflection  of  a 
plahet,  it  is  equally  necessary'  fbr  explaining  the  motion' 
of  a  billiard  ball  when  struck  by  another.  Nay,  it  is 
as  necessary  for '  explaining  the  action  of  this  vortex 
or  stream  of  fluid.  For,  since  the  appearance  of  the 
black  spot  between  the  glasses  doed  not  entitle  us  to 
say  that  they  are  in  mathematical  contact,  everjr  par- 
ticle of  this  vortex  must  be/ granted  to  rejiel  at  some 
minute  distance,  or  else  we  must  suppose  another  vor«^ 
tex  belonging  to  each  particle  of  the  first  to  render  it 
impulsive.  In  short,  this  view  of  the  subject  cuts  off  at 
once  all  explanations  by  the  help  of  invisible  impelling 
fluids,  ttthers,  atmospheres,  or  by  whatever  name  they 
may  be  called.  All  changes  of  motion  have*  for  their 
immediate  causes  those  powers  of  mature  which  we  have 
tailed  accelerating  forces,  accompanying  the  particles^ 
and  brought  into  action,  or  excited,  by  the  mere  distance 
and  situation  of  the  related' particles.  There  is  no  me^ 
ckamaU  difference  between  theoi.  The  only  difference  is 
the  distance  in  which  the  force  i^  exerted,  and  the  vari»- 
tion  of  intensity  by  a  ;variation  of  distance.    If  we  know 
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these  two  circDmstances,  we  have  all  the  kaewMge  that 
can  be  of  axij  use.  How  gravitj  or  any  other  power 
produces  its  effect  is  of  no  other  use  but  the  gratification 
of  curiosity;  and  if  it  were  gratified,  we  should  be. 
equally  curious  to  find  out  the  cause  of  every  step  of  this 
process  of  eflBciency. 

254.  Planetary  action  extendi  to  the  utmost  bounds  of 
the  solar  system,  and  is  in  the  inverse  duplicate  ratio  oC 
the  distances.  Magnetism  abo  extends  to  a  great  dis- 
tance, as  we  learn  by  the  motions  of  the  mariner^s  needle*. 
The  law  of  action  seems  to  resemble  that  of  gravitation. 
Electricity,  is  also  extensive,  and  has  the  same  law.  Phy- 
sical contact^  or  prxssurb,  becomes  sensible  at  the  distance 
of  the  5000th  part  of  an  inch  nearly,  and  decreases  much 
fester  Chan  in  the  inverse  duplicate  ratjo  of  the  distances. 
I  could  infer  this  from  my  experiments  with  the  glasses 
with  great  confidence,  although  I  could  not  assign  the 
precise  law.  Cohesion,  with  all  its  modifications^  has  a 
much  more  limited  range,  perhaps  not  the  millionth  of 
the  millionth  of  an  indi.  This  may  be  inferred  from  the 
perfect  continuity  of  the  gdd  or  the  silver  wire  employed 
in  the  manufacture  of  gold  lace,  where  it  is  the  fourteen 
millionth  of  an  inch  in  thickness.  Yet  even  in  thb  mi« 
nute  scale,  we  see  by  the  experiments  with  ^ringy  bo* 
dies,  that  this  minute  distance  may  be  subdivided  into 
many  portions,  and  that  each  distance  has  a  peculiar  in- 
tensity  of  eohesioh  belonging  to  it  Its  law  of  variationi 
taking  it  generally,  is  unknown.  For  the  observation  of 
Hooke,  fit  tensid  sic  ru,  is  true  only  when  the  changes  of 
distance  are  very  small  in  comparison  with  the  whole  natu* 
|til  distance  between  the  particles.  We  shall  consider 
this  more  particularly  afterwards,  and  shall  learn  why 
HookeV  observation  is  so  generally  true.  The  modifica* 
tions  of  cohesion  are  innumerable,  producing  an  endless  ' 
variety  of  sensible  forms,  solid,  fluid,  vaporous,  in  each 
of  which  the  law  of  action  between  the  corpuscles  b  pro- 
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bably  difierent.  Also,  in  eaeh  of  these  forms  we  hare 
flubordtnate  Tarieties,  which  malce  bodies  hard,  soft,  elas- 
iitj  uikelastic,  j^astic,  dactile^  viscid;  and  lastly,  there 
are  other  modifications  of  the  corpuscular  force,  which 
produce  the  phenomena  of  solution,  precipitation,  crystal* 
lisation,  &c.  &c.  &c.  All  and  each  of  these  are  ultimate^ 
ly  mechanical  forces,  producing  local  motion  and  changes 
of  motion. 

2B&.  In  this  range  of  observation  there  are  two  ex- 
tremes. On  the  one  hand,  enlarging  our  scale,  we  have 
eleotricity,  magnetism,  and  gravitation.  This  last  leads 
us  to  the  bounds  of  the  solar  system.  Nay,  there  art 
appearances  which  render  it  probable  that  it  extends 
at  kast  to  some  of  the  fixed  stars.  But  we  have  not  suf- 
ficietft  authority  for  extending  it  to  all.  Gravitation  may 
ctase  at  a  certain  distance ;  nay  it  may  change  to  a  repul- 
aive  force  at  greater  distances,  and  the  visible  universe 
may  consist  of  parcels  which  are  in  equilibrio  with  one 
another,  as  the  particles  of  a  common  body  are  in  equili- 
brio between  a  state  of  attractions  and  repulsions.  Each 
parcel  of  connoted  stars,  magnificent  as  it  is  in  our  eye, 
may  thusi  constitute  a  portion  or  particle  of  the  universe. 

256.  Our  imaginations  are  lost  in  the  contemplation  of 
such  a  scene.  But  there  is  no  absurdity  in  the  thought. 
The  ingenious  Dr  Halley  proved  from  the  law  of  gravita- 
tiM,  ihAi  there  may  be  within  thia  globe  a  scene  of  exist- 
ence and  habitation  altogether  undisturbed  by  the  gravi- 
tation of  external  bodies,  yet  every  thing  having,  weight 
and  stability  nearly  the  same  as  on  the  surface  of  the 
earth.  To  its  inhabitants  the  scene  may  appear  as  exten- 
sive as  the  heavens  appear  to  us. 

957.  There  is  just  as  wonderful  a  series  of  connecting 
forces  on  the  other  hand,  when  we  consider  the  smaller 
scales  on  which  they  are  exerted.  A  pint  of  corrupted 
puddle  is  perhaps  as  great  a  universe  to  its  countless  in- 
habitants as  the  visible  heavens  are  to  us.  It  requires  some 
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effort  of  imi^bat  ioa  to  8ub4ivide  the  480th  part  of  aif 
inch  into  the  60  different  portions  in  which  Newton  ob* 
served  the  alternate  inflection  and  deflection  of  light ;  or  to 
subdivide  the  4450th  of  an  inch  into  the  90  portioos  where 
light  was  altematelj  reflected  and  transmitted.  Yet  far 
within  th^  limit  of  one  unit  of  this  subdivision,  viz. 
rviiyotji  of  an  inch,  are  exhibited  all  the  alternations  of 
attraction  and  repulsion  which  we  observe  in  the  com? 
pression  and  dilatation  of  bodies.  In  thefie  minute  scales  of 
force  there  must  be  manj  differences,  both  in  the  magr 
nitude  of  the  scale,  according  as  the  body  is  dense  or  rare^ 
#nd  in  the  intensity  of  the  force,  according  as  the  body  is 
hard,  soft,  viscid,  &c«  &c.  and  in  the  law  of  its  variation. ; 

But  the  most  wonderful  variety  is  exhibited  to  our  ob- 
pervation  in  the  structure  of  regular  bodies,  such  as  crys- 
tals; and  still  more  in  the  structure  of  the  organused 
bodies  of  vegetables  and  animals.  We  have  acquired  some 
knowledge  of  the  more  obvious  particulars  of  our  own 
structure;  we  understand  something  of  the  ^Scteiuy  of 
this  structure,  how  it  is  capable  of  performing  its  office. 
We  understated  all  this  by  means  of  the  laws  of  mechaaics, 
that  is,  the  general  facts  observed  in  th^  agency  of  aU 
pressures.  We  have  now  learned  that  pressures  are  forces 
acting  at  a  distance,  which  are  so  small  in  comparison  with 
ourselves  that  we  cannot  perceive  them* 

S^.  Now,  in  those  incomparably  smaller  structures 
which  the  microscope  has  brought  into  view,  we  behold 
machines,  which  perfectly  resemble,  both  in  form  and  ia 
function,  the  large  animal  machines  which  are  more*  fami- 
liarly known  to  us.  These  little  machines  must  be  moved 
in  the  same  way  as  the  larger.  The  whale  and  the  min- 
now, the  minno^  and  its  fry  (not  one  tenth  of  an  inch 
long)  have  the  same  veins,  and  arteries,  and  nerves,  the 
same  livers  and  musdes,  and  their  functions  in  both  are 
the  same.  The  minnow  i^  a  giant  when  compared  with 
the  red  ant  {  yet  thi^  little  creature  is  constructed  withn 
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i^Uiy  of  parts,  and  with  a  poliBhed  elegance  in  ^eiy 
member,  that  exceeds  the  most  delicate  piece  of  human 
art,  beyond  all  imagination.  It  is  realJjr  a  wonder.  One 
of  its  antinme,  (not  ^^th  of  an  inch  in  Imgth)  has  12 
joints,  each  consisting  of  a  fineij  polished  spherical  ballt 
moTing  between  two  hemispherical  sockets,  ail  finished 
with  the  utmost  attention  to  elegance  of  shape  and  fitness 
for  angular  motion.  The  most  elaborate  performance* 
of  human  art  being  laid  beside  it,  and  Tiewed  with  the 
same  glass,  appears  a  piece  of  the  rudest  botching.  Oor 
this  beautiful  little  creature,  Mr  Southern  discovered  an 
acarus,  a  vermin  to  which  the  red  ant  b  a  world.  Even 
this  animal  b  formed  with  ^mmetiy^  and  a  great  varietj 
of  parts. 

Beyond  this  our  eyes,  with  |U  the  assbtance  of  the 
microscope,  can  discern  no  mm  structure.  We  can 
only  gaze  and  wonder  at  many  still  smaller  animals,  which 
the  microscope  exhibits,  swimming  about  with  great  vi-* 
vacity,  and  indicating  by  their  motions  that  they  are  ef« 
fecting  the  same  purposes  which  are  effected  by  the  larger 
animals ;  thb  authorise*  us  to  infer  that  they  are  of  si- 
milar meehanbm,  and  that  their  operations  are  performed 
by  the  same  principles  of  mechanical  energy, 

259.  The  conclusion  which  I  think  must  be  drawn 
from  these  observations,  b  that  those  alternations  of  at^ 
traction  and  repulsion  which  accompany  the  gradual  di- 
minution of  distances,  as  we  continue  to  subdivide  the 
extent  of  a  hahr^s  breadth,  must  go  beyond  all  our  con- 
ceptions of  minuteness.  The  distances  at  which  our 
pressures  are  excited,  and  tmr  sensations  of  touch,  will  no 
more  answer  the  purposes  which  we  see  accomplished  bjr 
those  little  creatures,  than  an  axe  and  a  sledge-hammer 
will  suffice  for  making  a  repeating  watch  contained  in  the 
sise  of  a  seal  ring.  We  must  grant  that  there  are  scales 
still  amaller,  on  which  those  necessary  forces  complete  all 
their  variation  of  intenmty  and  directiop. 
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V  And  I&stlj,  since  all  those  liUle  objects  consist  of  par|» 
extremely  different,  both  in  component  ingj'edienjts  and 
in  structure^  we  are  certain  that  the  particles  of  each  o( 
t|)08^  parts  are  still  of  a  very  compounded  nature,  far  re-s 
moved  from  the  simplicitj  of  a  primary  atom  of  matter, 
ag^d  therefore  .consisting  of  n)any  ^tpms,  connected  by 
fjOfpes  of  a  class-  still  mpf;e  removed  from  those  we  are  ac* 
qiiainted  with. 

.  260.  On  the  whole,  we  se?  thaf  within  the  nari^ow  limit 
of  the.  four  or  6ve  thousandth  part  of  an  inch,  ((he  greatr 
est  disMnce  of  sensible  pressure,)  there  actually  are  a 
Dumberlesss  variety  and  alternation  of  attractive  and  re* 
puisiye  forces  exerted  between  the  ptMrticles  and  atoms  . 
oif  tangible  matter,  and  that  it  is  to  their  immediate 
agency  that  we  must  ascribe  all  the  diversities  of  connec- 
tion, form,  and  distin^ishing  properties,  which  characr 
terise  the  objects  by  which  we  are  surfound^d  ^n  this  sub* 
lunary  world. 

.  In  giving  them  the  denomination  of  attracting  and  re« 
peliing  forces,  and  in  galling  their  effects  attraction  an4 
repulsion,  nothing  is  meant  but  ^  denomination.  No  qx^ 
planation  of  the  manner  of  acting  is  intended.  Buit  they 
are  all  supposed  to  be  of  tb^  same  kind,  and  similar  to 
file  gravity  or  heaviness  of  terrestrial  matter.  If  any 
explication  can  be  given  of  gravitation,  the  same  must 
be  applicable  to  those  forces  which  connect  the  particles 
of  tangible  matter.  All  that  we  are  entitled  to  say  of 
.them  is  that  they  vary  in  intensity  and  direction  by 
<every  change  of  distance,  from  the  utmost  bounds  of  the 
^solar  system,  to  the  actual  coalescence  of  the  acting 
^oms. 

What  then  piust  we  conceive  to  be  the  ultimate  action 
of  atom  on  atom,  as  we^  diminish  their  distance  without 
end,  and  just  before  the  annihilation  of  all  distance  bcr 
tween  them?  It  seems  to  me  that  it  must  be  an  insepa- 
rable repulsion.    We  see  in  the  sensible  masses  a  repuU 
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9hn*  which  18'  [NTodigioualj  great,  before  they  can  b^ 
bixnig^t  to  that  viciiMty  at  which  no  Vght  is  reflected  hy 
the  glass  plates ;  and  we  have  no  evidence  that  we  can 
bring  them  into  mathematical  contact  by  any  force  what* 
e?er. 

.   ^(Sl.  It  is  vefj  surprising  that  the  mathematicians  and 
philosophers  at  the  end  of  (he  17  th  century,  ^hp  were 
so  arduously  eipgaged  in  applying  the  newly  discovered 
fluzionary  mat^ieinatics  to  the  explanation  of  the  mecba* 
nical  phenomena  of  nature,  did  not  turn  their  attention  to 
a  department  which  prpipised  the  richest  crops  of  disco- 
veries to  rei^ard  their  l^bouiv.    {Newton  had  also  given 
the  philosophers  a  new  system  of   mechanics,  particu* 
larly  fitted  for  (his  research,  apd  had  demonstrated  its 
competency  by  the  most  successful  ejcanaoation  of  the 
great  movements  of  th^  universe.    He  had  also  remarked 
some  very  encouraging  analogies,  which  seemed  to  admit 
the  san^e  manner  of  treatm^pt   in  the  study  of    thd 
corpuscular  phenomena,  ^nd  ha4   even  pointed  out  to 
them  many  phepc^mena  of  (bis  class,  which  seemed  to  re- 
quire this  method  alone  for  th^r  explanation,  and  to  re- 
ject it  from  every  other  quarter ;  and  he  gives  us  some 
account  of  hif  owq  conjectures  on  the  sulyect  in  the  que>- 
ries  subjoined  to  his  Optics.    Nothing  however  was  done 
that  was  of  any  service^  if  we  except  the  speculations  of 
Bernoulli,  Mariotte,  and  others,  about  the  strength  of 
solid  bodies.    Yet  even  .these  attempts  wer^  encpura^ 
ing.    The  immense  difficulty  of  the  task  was  doubtless 
the  great  obstacle,  and  seems  to  have  deterred  even  New?- 
ton  from  formally  engaging  in  it.    Dr  John  ^eiU  indeed 
gave,  in  No.  315  of  the  Philosophical  Transactions,  a  nimsr 
ber  of  generid  theorems  concerning  the  action  of  forces 
^tracting  oi?  repelling  according  to  various  laws  of  the 
distance ;  and  Dr  James  Eeill  and  Dr  Friend  gave  TheOri^ 
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of  PhTBidlogj  and  Chemistry,  founded,  as  thej  sai^,  on  n« 
milar  theorems.  But  these  theories  were  filled  with  gra* 
tuitous  assumptions  of  forms  and  motions,  which  rendered 
them  altogether  ridiculous.  This  brought  the  whole  de* 
partment  of  study  into  discredit,  and  it  remained  entirely 
neglected  for  many  years. 

262.  The  first  who  (so  far  as  I  know)  attempted  to 
revive  this  study  in  a  serious  manner,  was  the  celebrated 
magnetical  philosopher  Dr  Gowin  Knight.  He  publish- 
ed, in  1746,  his  <*  Attempt  to  explain  all  the  phenomena 
^<  of  nature  by  means  of  two  principles,  attraction  and 
^  repulsion,  shewing  that  gravitation,  cohesion,  magnet- 
^<  ism,  electricity,  be.  are  all  the  operation  of  those  two 
^*  principles.^ 

Mr  Knight  supposes  two  species  of  material  atoms,  one 
of  which  attracts  another  atom  of  the  same  kind,  and  the 
atoms  of  the  other  species  mutually  repel  each  other.  The 
atoms  of  different  species  probably  attract  one  another  ; 
but  of  this  he  is  not  certain.  He  then  shews  how  the  at^ 
tractive  atoms  coalesce  into  particles ;  and  how  those  par- 
tides  must  be  surrounded  with  the  repelling  atoms  con^ 
atipated  on  their  surface,  and  even  suirounding  them  like 
an  atmosphere.  From  this  combination  prises  another 
class  of  particles,  which  are  mutually  attractive  or  reput 
sive,  according  to  the  proportion  and  disposition  of  the 
atoms  of  the  two  spaces  of  which  they  consist. 

Mr  Knight  then  proceeds  to  explain  from  those  premises 
the  structure  and  sensible  properties  of  bodies  of  various 
kinds.  The  whole  is  digested  into  formal  propositions 
and  corollaries,  very  distinctly  expressed,  and  the  law  of 
action  which  he  assumes  (viz.  a  force  inversely  as  the  dis- 
tance) is  applied  mathematically.  There  is  very  consider- 
able ingenuity  and  great  simplicity  in  the  management  of 
his  principles ;  but  it  requires  only  a  moderate  attentibti 
*to  the  unchangeable  laws  q(  dynamics  to  shew  that  ahnosi 
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every  one  of  his  propositions  is  fabe.  At  the  same  time 
it  is  not  unsusceptible  of  improvement^  and  it  deserves  a 
serious  perusal. 

This  study  has  never  b|Ben  resumed  and  prosecuted  with 
method  and  perseverance.  Yet  the  case  does  not  seeni 
desperate ;  iilthough  we  may  nev^  be  able  to  acquire  such 
accurate  knowledge  of  the  corpuscular  relations  of  tan« 
gibl^  matter  a9  we  have  of  the  simple  )aws  of  the  planetary 
motions,  and  the  ordinary  doctrines  of  niechanics,  by4ro« 
statics,  and  pneumatics,  it  is  highly  probable  that  a  steady 
and  judicio|i8  prosecution  of  it  would  bring  to  light  some 
general  laws  yrhich  might  be  of  material  service. 

863.  Father  Qoscqvich,  one  of  the  first  mathematicians 
of  Europe,  and  of  very  eijitenaive  knojnrledge  of  the  pheno- 
mena of  nature,  struck  with  the  importance  and  probabi^ 
lity  of  Sir  Isaa^  Newton^s  conjectures,  has  .endeavoured  to 
revive  this  study,  and  publi^hfsd  at  Vienna  in  1759  a  most 
ingenious  work,  which  he  called  Theoria  PhiloBophuB 
Naturalis  ad  unicam  legem  vtWicm,  in  Natwfa  exiatenttun^ 
redacta*  This  is  of  a  very  ^iffer^nt  fast  indeed  from  Dr 
Knighf  8,  and  is  undoubtedly  one  of  the  n^ost  curious  pro« 
ductions  «of  the  l^t  century,  filled  with  original  ^nd  ipge^ 
nious  notions  of  nati^ral  thingS|  ^d  explanations  of  all 
the  general  appearances  and  mechanical  relations  pf  diff^ 
rent  kinds  of  matter.  It  richly  deserves  the  serious  per- 
usal of  every  philosopher.  Althougt^  the  ingenious 
liuthpr  is  far  from  having  attained  the  knowledge  of  this 
characteristic  law  of  matter,  or  established  a  perfect 
tbeqryi  he  has  deduced  piany  legitimate  consequences 
from  the  phenomena,  which  are  of  very  important  ^r* 
vice  in  all  mechanical  disquisitions ;  and.  I  may  even  ven- 
ture to  say  that,  if  tre  shall  ever  acquire  the  knowledge 
of  a  true  theory,  it  will  resemble  Mr  Boscovich^s  in 
many  of  its  chief  features.  For  which  reason  I  shall 
give  a  slight  sketch  of  its  leading  propqsitiens,  referring 
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ibe  reader  to  the  work  itself  for  a  full  account  of  th^ 
theory*.  The  following  are  the  elements  of  this 
theory. 

264.  Uty  All  matter  consists  of  indivisible  and  inex- 
tended  atoms. 

265.  2d,  These  atoms  are  endowed  with  attractive 
and  repelling  forces,  varying,  both  in  intensity  and  direc- 
tion, by  a  change  of  distance,  so  that  at  one  distance 
two  atoms  attract  each  other,  and  at  another  distance 
they  repel. 

266.  S(f,  This  law  of  variation  is  the  same  in  all 
atoms.  It  is  therefore  mutual ;  for  the  distance  of  a 
from  b  being  the  same  with  that  of  b  from  a,  if  a  attract 
or  repel  &,  h  must  attract  or  repel  a  with  precisely  the 
same  force. 

267.  Mh,  At  all  considerable  or  sensibk  distances  this 
mutual  force  is  an  attraction,  sensibly  proportional  to  the 
square  of  the  distance  inversely.  It  is  the  attraction  call* 
ed  gravitation. 

268.  5th,  In  the  small  and  insensible  distances  in 
which  sensible  contact  is  observed,  and  which  do  not  ex- 
ceed  the  1000th  or  1500th  part  of  an  inch,  there  are 
many  alternations  of  attraction  and  repulsion,  according 
as  the  distance  of  the  atoms  is  chan|;ed.  Consequently, 
within  this  narrow  limit,  there  are  many  situations 
in  which  the  two  atoms  neither  attract  nor  repel. 

269.  6tkj  The  force  which  is  exerted  between  the 
two  atoms,  when  their  dbtance  is  diminished  without 
end,  and  is  just  vanishing,  is  an  insuperable  repulsion,  so 
that  no  force  whatever  can  press  two  atoms  into  niathema- 
tical  contact. 

Such,  according  to  Boscovich,  is  the  constitution  of  a 


*  See  Note  II.  at  the  end  of  the  Volume. 
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maieriBl  atom,  and  it  is  the  wMt  of  its.  constitution,  and, 
the  imtiiediate  efficient  cause  of  all  its  properties. 

870.  Two  or  more  atoms  may  be  so  situate,  in  respect 
of  distance  and  position,  as  to- constitute  a  particle  of 
the  first  order.  Two  or  more  ^uch  particles  may  con- 
stitute a  particle  of  the  seccmd  order,  and  so  on,  ta  any. 
degree  of  composition. 

.  Mr  Boacovich  proceeds  to  deduce  such  consequences  of 
this  constitution  as  may  be  called  elementary ;  and  then. 
io  shew  that  these  are  sufficient  for-  constituting  a  sub^ 
stance  having  all  the. sensible  qualities,  forms,  and  physi- 
cal properties  that  we  observe  in  tangible  matter ;  and 
that,  dtfaough.  all  atoms  of  matter  are. precisely  similar,, 
there  must  result  from  tfacii:  combination,  and  the  joint 
action  of  their  atomical  forces,  an-  inexhaustible  Tariety 
of  external  form,  mutual  relations  and  actions,  fully  ade- 
quate, to  explain  all  the  phenomena  of  the  material  unit 
verse. 

271.  All  that  can  be  done  in  the  short  while  allowed 
for  this  discussion  is  merely  to  enable  the  attentive  student 
to  form  a  just  notioa  of  this  most  ingenious  theory,  and 
of  its^  competency  to  the  explanation  of  nature*  I  trust 
that  he  will  see  enough  to  incite  him  to  a  perusal"  and 
serious  study  of  the.  work,  and  that  he  will  find  it  full  of 
curious  and  valuable  information. 

Mr  Boscovich  represents  his  law  of  atomical  action  in 
the  Newtonian  manner,  by  what  he  calls  an  experimental 
curve. 

278«  Let  the  distances,  of  two  atoms  be  estimated  on 
the  line  CAC,  Plate  III.  fig.  1.  A  being  the  situation  of  one 
of  them,  while  the  other  is  placed  any  where  on  this  line. 
When  placed  at  t,  for  example,  we,  may  suppose  that  it 
is  attracted  hf  the  atom  A,  with  a  certain  force.  We 
can  represent  the  intensity  of  this  force  by  the  length  of  a 
line  t /^  perpendicular  to  AC,  and  we  can  express  the  direc- 
tion of  it  (namely  the  direction  i  A»  because  it  is  attracr 
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lion)  bj  placing' t  /  above  the  axis  or  line  oF  dutances  AC/ 
Should  the  atom  be  at  z,  and  be  repelled,  we  can  express 
the  intensity  of  repulsion  hf  z  t,  and  its  direction  (A  z) 
by  placing  z  t  below  the  axis. 

This  maj  be  ^unpotfed  done  for  every  point  of  the  axis, 
Und  then  a  line  13EF6H  IKLMNOPQBST  V 
may  be  drawn  through  the  extremities  of  all  the  perpen- 
dicular ordinates.  This  is  the  exponential  curve,  or 
9cal^  of  forccfs,  in  the  manner  employed  in  Dvnaiucs. 
-  As  there  are  supposed  a  great  many  alternations  of 
attraction  and  repulsion,  it  follows  that  the  exponential 
curve  mu^t  consist  of  various  branches,  lyilig  on  different 
aides  of  the  axis,  and  must  therefore  cross  it  in  many 
points,  such  as  £,  6, 1,  L^  N,  P,  R;  All  those  are  sup- 
posed to  be  contained  within  a  very  small  fraction  of  aa 
inch,  hot  exceeding  the  distance  of  the  glasses  in  the 
Huyghenian  experiment  AR  may  represent  this  distance, 
magnified  by  a  microscope. 

278.  The  branch  most  distant  from  A  is  STV.  This 
must  be  of  stich  h  form  that  Its  ofdinatet  C V,  thopy  &c. 
^ay  be  inversely  as  AC,  A  d",  A  o*,  &c.  RC  must  b^ 
an  assymptote  to  this  branch ;  and  the  branch  ED  next 
to  A^  must  have  the  perpendicular  AB  for  its  assymptote, 
because  the  ordinate,  expressing  repulsion^  Increases  be- 
yond all  limit.  The  intermediate  branches  of  the  curve 
must  be  determined  by  means  of  the  phenomena  of  cohe- 
sion^ capillary  attraction,  the  repulsion  of  the  glasses  ia 
the  Newtonian  experiment,  &c.  &c. 

It  is  plain  that  an  atom  situated  in  any  of  the  poilits 
E,  Qj  I»  &c^  where  the  curve  crosses  the  axis,  will  nei« 
th'er  be  attracted  nor  repelled  by  the  atom  A.  But  there 
|s  a  remarkable  diiference  between  the  condition  of  an 
atom  situate  in  E,  and  of  one  placed  in  6.  If  the  atom 
E  be  pushed  a  little  nearer  to  A,  as  to  i,  (A  being  held 
fast  in  its  place),  it  will  be  repelled  by  A,  and  a  force^ 
equal  to  the  repukion  b  r  must  be  employed  to  keep  it  in 


I;  and  if  this  force  be  wltkdrawn^  it  wfll  come  bacb 
•gain  to  E.  On  the  other  band,  if  E  be  drawb  off  tQ.df 
(A.  being  held  fast)  it  will  be  attracted  by  A^  with  the 
force  dhf  and  if  the  extending  force  be  withdrawn^  it 
will  go  back  to  E. 

Hence  it  appears  that  two  atoms  situated  in  A  and  E, 
will  compose  a  sort  of  particle,  which  will  have  a  certain 
degree  of  permanency  of  form.  It  may  be  compressed. 
by  an  external  force,  or  it  may  be  distended,  but  will  re- 
aver its  bulk  AE  when  the  compressing  or  stretching 
force  is  removed. 

274.  An  atom  placed  in  G  will  be  in  a  very  different 
condition.  It  may  remain  there  for  ever,  if  no  compress- 
ing or  distending  force  is  applied  to  it.  But,  if  com- 
pressed in  the  smallest  degree,  for  example  to  t,  it  is  im- 
mediately attracted  by  A,  and  flies  towards  it  with  an 
accelerated  motion,  and  will  finally  settle  in  E.  li  G  be 
drawn  off  to  m,  it  is  immediately  repelled  with  the  force 
m  n,  and  will  fly  farther  off,  and  proceed  to  I,  or  perhaps 
farther.  Hence  it  appears  that  the  atoms  A  and  G  can- 
not compose  a  permanent  particle,  but  the  smallest  dis- 
turbance will  immediately  destroy  it  irrecoverably. 

276.  It  is  plain  that  the  points  E,  I,  N,  R,  are  situa- 
tions of  the  first  kind,  and  that  G,  L,  and  P,  are  of  th^ 
second  kind.  Boscovich  calls  the  first  limits  of  cohesion, 
and  the  second  limits  of  mon- cohesion.     Th^se  last  are 

m 

better  named  limits  of  dissolution. 

I  said  that  particles,  such  as  AE  or  AX,  have  a  certain 
degree  of  permanent  form,  resisting  compression  at  dila- 
tation, and  again  recovering  their  natural  bulk.  But  this 
is  only  when  the  disturbing  force,  and  the  change  of  bulk> 
have  been  inpderate,  the  change  of  distance  being  very 
small  .in  compgrison  of  the  whole  distance  between  two 
intersections  of  the  exponential  curve  with  the  axis.  For 
if  the  particle  AI  be  compressed  into  less  room  than  AG,  the 
atom  will  not  return  to  I  when  the  OHnpressing  force  i$ 
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nvithdrawn.  For  it  wili  now  h&  tftCracted  by  A,  and  the* 
partkle  AI  will  coflapse  into  the  bulk  AE.  If  AI  be^ 
stnttehed  beyond  the  bulk  AL,  it  will  not  collapse  intc 
AI,  but  will  take  the  form  AN.  The  only  pkrtic)e  that 
cannot  be  changed  by  any  compression  is  AE,  as  is  evi^ 
dient 

It  is  evident  that  the  component  atoms  of  partictes  so 
constituted  are  in  a  state  of  inactivity  on  each,  other,  un* 
less  some  external  force  be  applied.  The  atoms  A  and  t 
neither  altr^et  nor  repel  each  t>lher.  But  when  the  par- 
ticle is  actually  compressed,  the  atoms  being  pushed  nearer 
than  their  natural  inactivcf  distance^  they  immediately  re-^ 
pel;  in  like  manner  they  attract  if  the  particle  be 
stretched,  l^he  approximation  or  separation  of  the  atoms 
gives  occasion  or  opportunity  to  the  exertion  of  the  at« 
tractive  or  repulsive  forces  whicti  are  inherent  in,  or  at 
least  always  accompany  the  atoms.  Thus  these  forces 
may  be  8i|id  t6  be  txcittd  ih  them,  or  brought  into  action. 
The  compression  or  dilatation  is  therefore  the  occtswHi 
though  not  the  efficient  cauH  of  the  mutual  attractions  and 
repulsions.  We  must  always  keep  this  distinction  m 
mind. 

276.  The  magnitude  or  intensity  df  those  atomical 
forces  at  the  different  distances  determine  the  form  of  the 
exponential  curve.  If  a  very  moderate  force  produces  tf 
sensible  compression,  the  ordinates  on  each  side  of  the 
limit  must  be  short,  expressive  of  those  small  reptlsionsi 
The  exponential  curve  must  therefore  cross  the  axis  very 
obliquely,  that  the  ordinates  expressing  the  attrticting  and 
^  repelling  forces  may  increase  slowly.  But  if  it  require  a 
very  great  force  to  produce  a  very  s<nall  compression,  the 
small  compression  A  b  must  have  a  great  ordinate  h  r,  and 
the  exponential  curve  crosses  the  axis  almost  perpendicu- 
larly. 

We  may  also  remark  (and  the  remark  is  important^ 
that  when  the.  dil^tntion  -or'  eompression-  bears  a  verjf 
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iimaQ  jproportiiMi  to  the  natural  dtBtance  of  the  atoms,  the 
compression  or  dilatation  will  be  veiy  nearij  proportionai 
to  the  forces  employed.    For»  wlien  the  compression  E6 
is  very  siiiail  in  comparison  with  A£,  the  arch  r  E  differs 
little  from  a  straight  line,  and  therefore  the  ordinates  rb^ 
i^V  are  very  nearly  proportional  to  Eft  and  E&'.    The 
same  may  be  affirmed  of  the  distension  E  d.     The  arch 
E  A  dijFers  little  from  a  right  line,  and  the  ordinates  are 
nearly  as  the  abscisss*     Bat  it  is  otherwise  when  the  di- 
latation is  considerable.    When  the  dilatation  E  d  is  much 
greater,  the  ordinates  i  h  must  now  increase  more  slowly, 
and,  when  the  dilatation  has  increased  to  a  certain  degree, 
the  cM^dinates  will  even  diminish  again,  and  they  are  re- 
duced to  nothing  in  the  neighbouring  limtt  of  dissohition. 
Many  examples  of  this  will  occur  in  the  phenomena  of 
nature.    On  the  other  hand,  when  we  observe  the  com- 
pression or  dilatation  proportional  to  the  force  employed, 
we  may  c(HCiclude  that  the  compression  or  separation  of 
the  atoms  is  very  small  in  comparison  with  their  natural 
inactive  distance. 

2T7.  We  may  now  take  the  example  of  this  simplest 
constitution  of  a  particle  to  shew  that,  although  the  law 
of  atomical  action  be  the  same  in  all  matter,  the  action  of 
particles  composed  of  such  atoms  may  be  unspeakably  va- 
rious, according  to  the  distance  and  position  of  the  two 
component  atoms.  We  have  iiot  room  for  much  of  this 
discussion,  and  must  content  ourselves  with  one  or  two 
of  the  most  simple  cases.  But  the  attentive  reader  will 
find  no  difficulty  in  extending  the  inferences  to  more  com- 
plex cases.  We  shall  first  consider  the  action  of  such  a 
particle  on  an  atom  placed  in  the  axb  or  line  joining  the 
component  atoms. 

Suppose  then  a  particle  XY  (PlateIII.fig.2.)composedof 
two  atoms  X  and  Y,  which  are  placed  in  this  first  limit  of 
cohesion  A  and  £  of  fig.  1.  In  order  to  know, the  condi- 
tion of  an  atom  placed  any  where  in  the  line  AC,  we  may 

vol..  f.  s 
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iuppose  the  whde  ezpcinential  cunre  shifted  toward  C,  §o 
as  now  4o  refer  to  the  atom  E  as  it  formedy  referred  to 
the  atom  A.     Thus,  for  any  point  in  the  line  EC,  where 
we  suppose  the  third  atom  to  be  placed,  there  are  two  or* 
dinates,  one  of  them  an  ordinate  to  the  curve  belonging  to 
A,  and  the  other  an  ordinate  to  the  cunre  belonging  to  £• 
If  those  ordinates  are  on  the  same  side  of  the  axis,  then 
the  third  atom  is  either  attracted  by  both  A  and  E,  or  b 
repelled  by  both.     We  must  therefore  draw  an  ordinate 
in  that  pointy  equal  to  the  sum  of  the  two  ordinates- 
This  will  express  the  foree  acting  on  the  third  atom.    But  ^ 
if  the  ordinates  of  the  tm^o  curves  lie  on  opposite  sides  of 
the  axis,  the  third  atom  is  attracted  by  ode,  and  repelled 
by  the  other  component  atom.    Therefore  we  |nust  make 
an  ordinate  equal  to  the  difference  of  the  two,  and  place 
it  above  or  below  the  axis*  according  as  the  repulsive  or 
attractive  forces  prevail.     Doing  this  for  every  pointy  we 
may  draw  a  curve  through  the  extremities  of  all  the  ordi- 
nates, and  it  will  be  the  exponential  curve  for  the  particle 
AE  or  XY  expressing  its  action  on  a  third  atom  placed 
in  the  line  AR.     Accordingly,  the  curve  in  fig.  8.  is 
constructed  in  this  very  way.    By  this  we  see  that  the 
laW  of  action  of  the  particle  XY,  differs  greatly  from  that 
of  the  component  atoms  X  and  Y.    The  branch  d  A  <f 
between  the  two  assymptotes  c  h  and  d  h\  is  easily  un- 
derstood.   At  A,  the  repulsions  of  the  two  atoms  X  and 
Y  must  exactly  balance,  and.  as  the  third  atom  comes 
nearer  either  to  X  or  to  Y,  it  is  more  strongly  repelled 
by  it  than  by  Y  or  by  X. 

278.  if  an  exponenti^  curve  had  been  constructed  for 
a  particle  consisting  of  two  atoms  A  and  I,  it  would  have 
turned  out  still  more  unlike  the  primitive  exponential. 
This  will  easily  be  conceived  by  shifting  the  primitive, 
curve  from  A  to  I.  We  shall  then  find  that  several  of  the 
attractive  branches  of  one  curve  stand  opposed  to  repulsive 
branches  of  the  other,  the  consequence  of  which  must  be 
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that  the  particle  AI  will  be  almost  inactive  on  a  third 
atom,  till  it  be  moved  almost  to  the  furthest  limit  of  the 
small  scale  of  corpuscular  action. 

279.  It  is  much  more  important  that  we  learn  the  law 
of  action  on  an  atom  placed  oiit  of  the  line  AC.  But  we 
must  still  begin  with  a  simple  case.  Let  us  take  a  par- 
ticle composed  of  the  two  atoms  A  and  I,  sitiMited  in  this 
second  limit  of  cohesion,  and  let  ud  consider  the  action  of 
the  particle  AI  in  fig.  3.  on  an  atom  placed  anj  where 
in  the  line  BCB',  which  bisects  AI  at  right  angles.  Sup- 
pose the  third  atom  placed  in  u.  Then  join  A  u  and  I  u, 
and  taking  A  m  in  the  compasses,  transfer  it  from  A  in  fig.  1  • 
to  My  and  draw  the  ordinate  uy.  This  is  an  ordinate 
of  an  attractive  branch  of  the  exponential.  Therefore,  in 
fig.  3.  set  off  from  te,  towards  A,  and  towards  I,  the  two 
lines  tc^,  vy,  equal  to  the  ordinate  uy  of  fig.  1.  The 
atom  u  is  attracted  bj  A  and  I  with  the  forces  uy^  uy. 
Complete  the  parallelogram  uyvyu^  (which  is  a  rhom- 
bus)  and  its  diagonal  v  u  will  express  the  force  with  which 
u  is  attracted  in  the  direction  u  C;  Draw  uy^  perpendi- 
cular  to  «  C,  and  make  it  equal  to  u  v,  placing  it  on  the 
right  hand  of  BC,  if  it  represent  an  attractive  force,  and 
on  the  left  as  r  f',  to  represent  a  repulsive  force.  £.et  this 
be  done  for  every  point  of  the  line  BCB',  and  draw  a 
curve  line  CGHIKLMNOPQRSTV  through  the  extre- 
mities  of  all  the  ordinates.  This  will  be  the  exponential 
of  the  action  of  the  particle  AI  on .  an  atom  placed  any- 
where in  the  line  B  c  B'. 

We  see  that  this  line  of  action  differs  mdst  remarkably 
from  that  of  a  single  atom.  It  has  indeed,  like  the  single 
atom^  many  alternations  of  attraction  and  repulsion.  But 
instead  of  an  insuperable  repulsion  at  the  greatest  vici- 
nity, we  «ee  that  the  repulsion  changes,  at  G,  to  attrac- 
tion, which  continues  all  the  way  to  the  centre,  and  that 
in  the  very  centre  C  there  is  no  force,  either  attractive  or 
repulsive.     Such  a  partitle^  therefore,  wiU  be  easily  pe* 
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netrable,  thmigti  composed  of  atoms  exerting  an  insuper- 
able  repulsion. 

It  is  scarcely  necessary  to  advertise  the  reader  tliat  the 
exponential  curve  extends  on  both  sides  of  the  line  AI, 
and  that  the  attractive  and  repulsive  branches  bdow  C  are 
on  the  opposite  sides  of  B  C  and  B'C.  Thus  6HI  and 
6'  fl'  I'  are  repulsive  branches.  Observe  also  that  all 
the  branches  on  the  right  hand  of  B  C  B'  express  a  force 
which  produces  a  motion  of  the  third  atom  in  the  direc* 
tion  BB^,  and  all  those  on  the  left  hand'  express  forces 
which  produce  a  motion  in  tfie  direction  B'B. 

It  is  iiot  unworthy  of  remark  that  our  partiide  AI 
greatly  resembleft  a  maigtiet  in  its  action.  For  it  has  beea 
already  observed  that  this  particular  conrtruction  of  the 
particle  renders  it  almost  inactive  on  an  atom  placed  in 
the  line  AI,  while  it  acts  very  sensibly  on  an  atom  placed 
in  the  line  BB'.  In  like  manner  a  magnet  acts  strevgly 
in  the  direction  of  its  poles,  and  is  wRhout  action  in  the 
idirection  of  its  equator.  Moreover,  since  we  observe 
'that  a  parcel  of  small  magnets,  or  of  magnetical  fra^ 
ments  of  iron,  floating  on  quicksilver,  have  a  disposition 
to  cluster  together  in  a  particular  way,  rather  than  in  any 
other ;  and  since  this  arises  from  that  difference  in  action 
which  we  call  polarity,  we  must  ascribe  similar  tendencies 
to  a  collection  of  particles  constituted  like  AI.  They  will 
possess  polarity,  and  will  cluster  together  in  one  way  in 
preference  to  all  others.  Keeping  this  in  mind  will 
greatly  aid  us  in  conceiving  some  of  the  Ridden  openitions 
of  nature. 

280.  l^hus  then  we  see  that,  even  in  this  aimpleat 
constitution  that  can  be  imagined  for  a  particle,  the  ac- 
tion on  another  atom  is  'susceptible  of  great  variety,  by 
the  mere  difference  of  position  and  distance  between  the 
two  component  atoms.  But  it  must  be  farther  remarked, 
that  all  these  differences  of  action  on  a  third  atom  are 
confined  to  the  small  and  insensible  distances  which  lie 
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wjlhtn  the  limiU  of  physical:  contact  At  all  coBsiderabte 
difttaiice&9  we  shall  6iid  nothing  but  tl^  acticm,  of  gri|vitar 
tion,  inversely  pro|]k)rtional  to  the  square  of  the  dist^ccis^; 
and  also  pfopertiona)  to  the  nHmber  of  atoms  which  com- 
pose the  acting  particle.  This  will  easUy  appear,  wbea 
we  Gonaider  the  pcimilive  ej^ponsintial  cune  with  a  Uttla 
attention*  The  whole  distanee  AB  (fig-  !•)  ^oe^  not 
exceed  the  thousandth  paFt  of  an  inch.  .  Therefore  sup- 
posing A  and  R  to  be  the  component  atoms,  (which  con-, 
stttntioii  of  the  particle  will  occasion  the  greatest  possible, 
shifting  of  the  exponential  curve),  then,  even  at  tho 
distance  of  only  a  quarter  of  an  inch  frovi  the  jpiarticle, 
the  sum  of  the  ordinates  of  the  two  curv^  will  not  differ 
one  part  in  five  hundred  from  the  douUe  of  either ;  and 
at  the  distance  of  an  inch,  will  not  differ  one  part  in  a 
hundred  thousand.  Therefore,  at  all  sensible  distances, 
we  may  conclude  that  the  forces  are  in  the  inverse  diqdi^f 
cate  ratio  of  the  distances  from  the  middle  of  the  particle, 
and  are  double  of  the  forpe  tending  to  either  of  the  com- 
ponent atoms.  The  slightest  consideration  will  shew  us 
that  this  is  equally  true  of  a  particle  composed  of  any 
number  of  atoms,  the  particle  itself  being  of  insensible 
magnitude.  Its  action  on  a  distant  atom  will  be  inversely 
as  the  square  of  the  distance,  and  proportional  to  the 
number  of  atoms  in  the  particle. 

881.  This  is  equally,  and  even  more  accurately,  true 
of  its  action  on  an  atom  sityated  in  the  line  BB'  of 
fig.  3.  For,  if  we  take  e.veix  so  sjnall  a  distance  as  CB* 
wluch  is  within  the  limits  of  physical  contact,  the  dis- 
tances AR  IR  differ  very  little  from  CR.  It  is  surely 
unnecessary  to  insist  longer  oo  what  is  so  pla^i. 

From  these  considerations,  we  9ee  that  all  the  varieties 
in  the  law  of  corpuscular  action  wUl  be  observed  only  in 
the  fl^all  and  insensible  distances  which  lie  within  the 
limits  of  physical  contact^  while  the  masses  of  matter 
consisting  of  the  atoms  so  combined  will  exhibit^  in  a^ 


'278  CORPUSCULAR  ACTION- 

sensible  distsnces^  the  attraction  of  gravitation,  propor* 
tional  to  the,  number  of  atoms,  that  is,  to  the  quantity  of 
matter  in  the  mass. 

S88.  We  have  hitherto  considered  only  snch  particles 
as  consist  qf  two  atoms.  But  it  is  evident  that,  if  the 
three  sides  of  a  triangle  are  r^pectively  equal  to  three 
limits  of  cohesion,  and  if  an  atom  be  placed  in  each  of 
the  three  angles,  they  will  be  in  a  state  of  indifference  or 
inactivity,  in  respect  of  one  another.  If  one  of  these 
atoms  be  moved  a  little  away  from  the  other  two,  this 
increase  of  distance  will  be  the  occasion  of  attractive 
forces  exerted  mutually  between  them,  sq  that  the  other 
two  will  be  drawn  after  it  Or,  if  the  atom  be  pushed 
towards  the  other  two,  so  as  to  lessen  its  distance  firom 
them,  repulsive  forces  are  exerted,  and  the  two  remote 
atoms  will  also  be  pushed  away.  Thia  is  surely  the  cha- 
racter of  a  particle.  But  we  must  examine  this  connec* 
tion  more  particularly. 

We  have  already  seen  that  if  an  atom  be  placed  in  the 
point  u  of  the  line  BB',  fig.  3.,  it  is  attracted  by  the  particle 
AI  with  a  force  u  y ,  and  that  if  placed  in  jt,  it  is  repelled 
with  the  force  zf.  In  either  case;  therefore,  it  is  impelled 
towards  the  situation  N,  where  its  distances  NA  or  NI  is 
the  same  with  NA  of  the  primitive  exponential,  fig.  1.  This 
happens,  not  only  when  the  atom  is  drawn  away  from  its 
quiescent  situation  N  in  the  direction  NB,  or  pushed  in 
the  opposite  direction  NC,  but  also,  when  removed  from 
N  in  atgi  direction.  Thus,  in  fig.  4.  let  the  third  atom 
be  drawn  laterally  from  N,  into  the  situation  n.  By  this 
removal,  it  is  drawn  a  little  farther  from  the  component 
atom  A.  It  is  therefore  attracted  by  it,  we  may  suppose 
with  the  force  n  o.  By  the  same  removal,  it  is  brought 
a  little  nearer  to  the  atom  I.  It  is  therefore  repelled  by 
it,  suppose  with  the  force  n  p.  By  the  joint  action  of  the 
forces  H  o  and  n  p,  the  atom  is  impelled  in  the  direction 
n  q^  and  made  to  approach  its  quiescent  situation  N.    It 
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requires  a  force  9  n  to  keep  it  in  »,  (A  and  I  being  sup- 
posed to  be  held  fast  by  some  means  in  their  places)  and 
when  this  force  is  withdrawn,  it  returns  to  N.  * 

Thus  we  see  that  A,  I,  and  N,  will  compose  a  particle, 
having  both  length  and  breadth,  and  that  it  retains  both 
its  bulk  and  its  shape  with  a  certain  force.  It  has  all  the 
characters  of  a  particle.  It  is  sureljr  needless  to  shew 
that  all  these  things  are  true,  although  th^  form  of  the 
particle  be  not  that  of  an  isosceles  triangle.  All  the  rea- 
soning would  have  been  the  same,  although  one  side  had 
been  AI  of  the  primitive  curve,  fig.  1.  another  AN,  and  the 
third  AR.  Ail  that  is  required  is  that  the  three  sides  of 
the  triangle  be  limits  of  cohesion. 

283.  It  is  of  particular  importance  to  attend  to  the  late- 
ral force  n  q  exerted  by  the  atom  N,  fig.  4.  when  it  is  drawn 
a  little  aside  from  the  line  NC  joining  it  with  the  centre 
of  the  particle  AI.  This  circumstance  gives  us  a  clear 
notion  how  a  number  of  atoms  may  be  disposed  and  com- 
bined so  as  to  compose  a  material  surface.  For,  if  they 
be  all  placed  symmetrically,  in  the  angles  of  triangles,  so 
that  each  atom  may  be  in  a  limit  of  cohesion  with  its  ad- 
joining atoms,  as  is  represented  by  the  points  in  fig.  5. 
such  an  assemblage  will  form  a  sort  of  material  surface. 
If  the  atoms  in  the  line  AB  are  held  fast  in  their  places, 
and  a  small  force  be  applied  to  the  atom  CD,  tending  to 
urge  them  towards  £,  it  is  plain  that  this  must  excite 
the  corpuscular  forces  inherent  in  the  atoms.  Those  in 
the  side  DB  will  be  compressed,  and  will  exert  rej^ulsive 
forces,  while  those  in  the  side  GA  will  be  drawn  farther 
from  each  other,  and  will  exert  attractive  forces.  We 
shall  have  a  very  distinct  and  a  very  just  notion  of  this 
mechanism  by  supposing  all  those  atoms  to  be  connected 
by  slender  elastic  spiral  wires  like  corkscrews.  Urge  any 
one  atom  nearer  to  another,  and  we  compress  the  inter- 
posed spring.  ..It  resists^  and  when  we  withdraw  the 
*  compressing  force>  it  unbends,  and  pushes  the  atom  to  its 
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former  distance.    If  we  draw  an  aiam  fartrher  from  Ha 
neighboor^  the  inteweBing  springs  being  stretched,  exerts 
a  contractile  foreCi^  which  will,  in  like  manner,  bring  the 
atom  back  to  its  natural  quiescent  positiofi.    A  little  at- 
tention to  this,  (for  witbout  attention  nothing  can  be 
lelimed)  will  make  it  evident  that  the  flexion  which  the 
external  force  produces  on  the  boclies  so  connected,  and 
the  resistance  opposed  by  the  bodies  when  thus  beat, 
and  the  recovery  of  the  original  form  when  the  external 
force  is  withdrawn,  ali .  proceed  from  the  elasticity  of  the 
connecting  wires.    This  elastic  action  obtains  whenever 
a  spring  ia  compressed  or  stretched,  and  not  otherwise.    In 
like  manner,  the  inherent  corpuscular  forces  must  be  eo^ 
erted,  or  an  opportunity  must  be  given  fcH*  their  exertion. 
This  is  done  by  changing  the  natdral  distances  of  the 
atoms,  in  which   they  exert  no  force,  for  greater  or 
smaller  distances,  in  which  they  exert  attractive  or  re* 
pulsiye  forces.    And  we  easily  pe^dve  that  tbis  excita- 
tion of  the  atomical  forces  takes  place  aver  the  whole  osscm* 
blage.  For,  when  D  fig.  5.  is  polled  ip  the  direction  D£,  it 
drawn  away  from  C,  and  is  pressed  a  little  towards  1. 
Therefore  1  resists,  and  is  at  the  same  f\me  pressed  to- 
wards 4.    This  side,  therefore,  becomes  a  sort  of  fulcrum 
or  pr<^,  by  meani  of  tbe  exerted  repulsions.     C  is  draw^ 
after  D,  and  therefore  is  separated  from  3,  and  attraction 
is  excited  between  C  and  3.    The  atom  3  is  thus  drawn 
away  from  5,  and  attraction  is  exerted  between  then,  bj 
which  5  is  drawn  away  from  A.    And  thus  all  the  atoms 
on  the  side  DB  are  in  a  state  of  compression,  exerting 
repulsive  forces,  while  those  on  tbe  side  CA  are  stretched, 
and  exerting  attractive  forces.     We  need  only  consider 
what  spiral  wires  would  be  in  a  state  of  extenaioo,  and 
what  in  a  state  of  compression ;  and  we  may  be  assured 
that  they  are  exerting  forces  precisely  similar  to  the 
atomical  forces  in  the  theory  of  Boscovich. 
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Before  qiftiitiag  the  sidiject  of  tbe  material  surface^ 
ibere  remains  another  important  obaervatioii. 

S84.  Let  A  and  B  (fig.  6.)  be  two  atoms.  The 
circles  described  round  them  as  centres  with  a  fall  line« 
are  supposed  to  ha¥e  limits  of  ^cohesion  for  the  radii* 
The  dotted  circles  have  for  (heir  radii  limits  of  dissolu* 
lion.  Therefore  an  atom  in  C  will  remain  there.  So 
will  an  atom  in  N,  D^  £,  6,  "E,  K,  or  M.  Suppose  N 
drawn  towards  0,  it  tends  to  come  back  to  N.  For  if  it 
be  situated  in  anj  part  of  the  little  quadrangle  between 
N  and  a,  it  is  attracted  both  by  A  and  by  B.  In  liki^ 
manner,  if  it  be  in  any  part  of  the  quadrangle  between  N 
and  bf  it  is  attracted  by  A,  and  repelled  by  B,  and  ther&i 
fore  tends  towards  N.  In  short,  into  whichever  of  tha 
four  quadrangles  round  N  it  be  taken,  the  combined  ac? 
tion  of  A  and  B  tend  to  urge  it  towards  N. 

The  atom  will  also  remain  at  rest  in  a,  i,  c,  <{,  e,  ^  or 
g.  Suppose  a  to  be  drawn-  into  any  of  the  quadrangle^ 
which  surroand  it,  for  example,  into  the  quadrangle  a  C| 
it  is  repelled  both  by  A  ftn4  B.  Therefore  it  will  not 
return  to  o,  but  will  immediately  go  to  C.  If  it  be  taken 
into  the  quadrangle  a  N,  then,  being  attracted  by  A  and 
Bf  it  will  immediately  gP  to  If.  If  taken  into  the  qua- 
drangle a  D,  being  attrapted  by  A  dnd  repelled  by  B,  it 
will  go  to  D.  If  taken  into  the  quadrangle  a  E,  it  if. 
attracted  by  B  and  rppeiled  by  A,  and  will  go  to  £.  In 
like  manner,  an  atom  placed  in  &,  or  in  c,  or  in  f,  if  dis- 
turbed in  the  smallest  degree,  will  inmiediately  leave  that 
position,  and  will  settle  in  oue  of  the  neighbouring  interr 
sections  of  limits  of  cohesion. 

Thus  it  appears  that  in  all  the  intersections  of  the  full 
circles  the  third  atom  will  combine  with  the  other  two, 
and  compose  a  particle  of  three  atoms,  hating  a  bulk  and 
shape  which  resist  a  moderate  changing  force.  But  an 
atom  situated  in  any  interval  of  the  dotted  circles  cannot 
form  a  particle,  but  will  be  forced  by  the  smallest  dis* 
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turbing  force  to  alter  its  situation,  and  assume  anoth^, 
in  which  it  may  compose  a  permanent  particle.  It  is 
evident  that  if  the  atoms  A  and  B  have  many  limits  of 
cohesion  interyening,  the  number  of  intersections,  such  as 
C,  Df  E,  N,  &c.  must  be  rery  great,  and  therefore  the 
particle  of  three  atoms  is  susceptible  of  a  great  variety  of 
forms. 

* 

After  shewing  how  two  atoms  may  compose  the  sim- 
plest particle  that  is  possible,  it  was  shewn  that  the  law 
of  action  of  this  particle  on  a  third  atom  is  extremely 
different  from  the  primitive  law  which  characterises  an 
atom  of  matter,  and  that  it  was  susceptible  of  a  great  va- 
riety. We  might  now  proceed  to  shew  that  the  action 
ef  a  particle  consisting  of  three  atoms  differs  from  both, 
and  is  susceptible  of  much  greater  variety,  fiut  this  is 
80  evident,  and  the  detail  of  the  differences  would  be  so 
tedious  and  complicated,  without  terminating  in  any  thing 
very  general,  and  at  the  same  time  precise,  that  it  is  bet- 
ter to  abstain  from  the  discussion,  and  to  proceed  to 
something  that  "will  bring  us  more  speedily  to  a  corres- 
pondence with  our  observation  of  the  phenomena  of  tan- 
gible matter. 

285.  Therefore,  we  shall  end  the  whole  of  this  elemen- 
tary part  of  Boscovich^s  theory,  by  shewing  how  it  wiH 
account  for  the  appearance  and  sensible  qualities  of  a 
mass  of  tangible  matter.  The  attentive  reader  must  have 
in  some  measure  guessed  at  this  already.  Suppose  the 
three  atoms  A,  B,  C,  (fig.  7.)  placed  in  limits  of  cohe- 
sion, composing  a  particle,  having  both  length  and 
breadth.  To  make  the  case  as  simple  as  possible,  let  AB, 
BC,  and  CD,  be  all  equal.  We  can  now  suppose  a  fourth 
atom  D,  above  the  plane  ABC,  and  so  situated  as  to  be 
in  limits  of  cohesion  with  each  of  the  other  three  atoms. 
We  may  still  take  the  most  simple  case  possible,  and  sup- 
pose each  of  the  triangles  ADB,  BDC,  CDA,  to  be  equi- 
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lateral,  and  the  whole  to  be  sides  of  a  regular  tetrahedron 
or  triangular  pyramid. 

Here  we  have  a  particle  having  length,  breadth,  and 
thickness,  fit  for  being  a  particle  of  tangible  matter.  It 
is  now  evident  that  in  the  same  manner  that  a  surface  waa 
constituted  in  fig.  5,  a  mass  of  any  sise  and  shape,  hav- 
ibg  length,  breadth,  and  thickness,  maj  be  composed  of 
atoms,  all  arranged  in  this  way,  each  being  in  the  angle 
of  a  regular  tetrahedron.  This  would  be  a  mass  perfectly 
homogeneous.  It  will  have  a  certain  degree  of  firmness ; 
that  ]s»  it  will  resist  a  certain  compressing  or  dilating 
force,  on  the  withdrawing  of  which  it  will  recover  its  na- 
tural bulk  and  shape ;  oP  it  may  not  be  perfectly  homoge-* 
iieous,  if  the  tetrahedrons  are  not  all  regular,  yet  still  hav* 
ing  their  angles  situated  in  limits  of  cohesion  with  each  of 
the  adjoining  angles,  or  rather  with  the  atoms  situated  ia 
them ;  or  the  atoms  may  be  in  the  angles  of  cubes,  or  in- 
deed of  any  figures  whose  sides  are  limits  of  cohesion.  It 
is  plain,  that  if  the  distances  between  these  atoms  be  so 
small  as  altogether  to  escape  our  observation,  the  assem- 
blage will  appear  a  continuous  uninterrupted  body.  It 
will  have  the  mechanical  properties  that  we  perceive  in 
all  bodies.  It  will  gravitate  in  proportion  to  the  number 
of  atoms  contained  in  it,  that  is,  in  proportion  to  its  quan- 
tity of  matter.  It  will  exhibit  all  the  appearances  of  co- 
herent matter,  because  when  brought  near  enough  to 
another  such  collection  of  atoms,  the  nearest  atoms  of 
each  will  act  on  each  other  with  that  repulsion  which  is 
seen  between  the  object  glasses,  producing,  sensible  con- 
tact and  pressure.  One  part  of  it  being  impelled,  the 
whole  will  be  put  in  motion,  because  the  particles  imme- 
diately impelled  cannot  move  without  either  coming 
near^  to  the  others,  or  separating  farther  from  them. 
Either  of  these  events  are  the  occasion  of  corpuscular 
forces  being  excited  among  the  particles ;  and  those  must 
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fvodiice  motioB.  We  AM  ailerwords  see,  vkk  complete 
evidence,  that  they  must  produce  tht  very  motiom  tkta  we 
qUerve.  We  wiH  be  greatly  assisted  in  our  coaceptions 
of  all  this  ^teroal  and  unseen  mechanism  by  still  compar- 
ing this  assemblage  of  atoms,  connected  by  attracting  and 
repelling  forqes^  with  a  number  of  bodies  connected  by 
spiral  elastic  wires.  We  may  suppose  those  bodies  (so> 
'  many  balls)  a|rraaged  in  the  angles  of  regular  or  irregular 
solids,  till  they  form  a  cluster  of  any  size  and  shape. 
This  may  be  considered  as  a  magnified  representation  of 
the  piece  of  tangiUe  matter.  A  small  bit  of  the  pith  of 
elder,  when  viewed  through  a  microscope,  will  give  us  a 
Tery  good  notion  of  this  structure.  It  consists  of  a  num- 
Iber  of  dpdecaedrona,  the  sides  of  which  are  so  thin  as 
scarcely  to  be  visible ;  and  there  is  in  each  angle  a  little 
knot,  connected  with  its  neighbouring  knots  by  visible 
threads,'  which  strengthen  the  angles  of  the  planes.  The 
whole  is  a  piece  of  beautiful  cage-work.  The  knots  are 
analogous  to  our  atoms,  and  the  connecting  threads  and 
films,  being  plastic,  e^ert  contractile  or  protrusive  forces, 
ficcording  as  they  are  stretched  or  compressed. 

Such  a  structure  will  lie  on  the  table,  will  carry  another^ 
and  be  compressed  a  little  by  the  weight.  Such  a  collec- 
tion will  be  moved  by  another  bitting  it,  and  the  motion 
of  the  parts  remote  from  the  part  that  is  hit  is  effected 
solely  by  the  ^lastiqity  of  the  connecting  springs,  and  this 
elasticity  is  excited  by  the  compression  or  dilatation  of 
the  whole  struciture.  The  similitude  ii^  mechanic  action 
is  very  accurate. 

886.  It  is  not  necessary  to  prosecute  the  theory  of  Mr 
Boscovich  much  fiurther.  It  is  very  evident  that  what  we 
have  said  of  a  mass  composed  of  atoms  acting  on  each 
other  is  equally  applicable  to  a  mass  consisting  of  particles 
f  omposed  of  such  atoms.  Such  particles  act  on  each  other 
fs  the  atoms  do,  but  the  lavf  of  action,  that  is,  the  change 
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of  force  by  a  change  of  distance,  must  be  veiy  different. 
Still,  however,  the  general  ostensible  results  will  be  simi- 
lar ;  and,  since  all  the  actions  "tire  altimatelj  derired  ^rom 
the  atomical  forces,  and  arise  from  their  combination,  the 
actions  of  different  particles  must  depend  entirely  on  the 
manner  in  which  their  atoms  are  situated  in  respect  of 
each  other.    Therefor^  there  may,  and  -tliere  must,  be  an 
almost  infinite  variety  in  the  manner  of  acting  of  dillerent 
substances,  according  to  the  stniotnre  of  ihe  particles ; 
and  all  those  diiTerences  will  be  confined  1;o  the  small  and 
fnsensxble  distances  in  which  the  atoms  and  particles  art 
situated,  while  in  all  sensible  distances  we  shall  see  no- 
thing but  the  attraction  of  gravitation  proportional  to  the 
quantities  of  mtftter.     The  phenomena  of  solid  and  liquid 
cohesion,  with  all  its  varieties  of  softness,  hardness,  ducti- 
lity, viscidity,  and  perfect  fluidity,  must  arise  from  the 
different  manner  in  which  the  atoms  are  arranged  in  form- 
ing a  particle.     Thus,  if  they  are  so  arranged  that  the  ao* 
tion  dt  a  particle  is  the  same  in  every  direction,  varying 
t>nly  with  a  variation  of  distance,  and  of  any  degree  of  in- 
tensity, however  great,  the  situation  of  one  particle  among 
the  rest  must  be  perfectly  indifferent ;   and  tl^is  assem- 
'blage  will  have  the  ostensible  qualities  of  a  flaid.     But  if 
the  action  of  a  particle  is  greater  in  one  part  than  in 
another,  or  greater  in  one  direction  than  in  another,  such 
particle^  will  not  take  cmtf  situation,  among  the  others  in- 
differently.    They  will  coalesce  in  one  way  rather  than 
another,  just  as  we  observe  a  parcel  of  small  magnets 
'floating  on  quicksilver  to  do.     These  will  not  cluster  to- 
gether except  in  their  own  way.    Such  particles  will  haine 
-a  sort  of  polarity.     This  constitution,  in  a  greater  or  less 
degree,  must  be  supposed  in  the  particles  of  all  solid,  and 
in  a  still  smaller  degree  in  viscid  fluid  bodies.     The  no- 
tions which  the  preceding  observations  enable  a  reflecting 
mind  to  form  of  the  construction  of  particles,  point  out 
this  as  likely  to  be  the  most  general  constitution  of  tangi- 
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lie  matter;  that  is  to  say,  the  number  of  particles  which 
act  equally  in  every  direction,  is  not  probably  so  great  as 
that  of  particles  having  inequalities  of  action  on  the  dif- 
ferent sides.  For  a  certain  deUmunate  arrangement  of 
atoms  is  necessary  for  the  firsts  whereas  the  possible  ar- 
rangements exceed  all  numeration.  Perftct  fluidity,  there- 
fore, devoid  of  all  viscidity,  will  Jbe  comparatively  rare, 
and  the  varieties  of  viscid,  soft,  and  firm  cohesion  will  be 
very  great  .  All  this  is  agreeable  to  what  we  observe. 

887i  It  seems  to  result  from  the  preceding  observations 
that  all  bodies  should  be  perfectly  elastic.  For,  when  a 
particle  AI  (fig.  1.)  is  compressed,  and  the  compressing 
force  suddenly  withdrawn,  the  atom  I,  which  was  com- 
pressed to  some  point  between  I  and  G,  will  immediately 
fly  back  to  I  with  an  accelerated  motion ;  and  therefore 
will  not  stop  therei  but  will  pass  on  towards  L,  till  its 
motion  is  gradually  reduced  to  nothing  by  the  attraction 
of  A.  It  will  come  back  to  I  with  an  accelerated  motion^ 
pass  it  as  far  as  before,  and  thus  will  oscillate  for  ever  on 
each  side  of  I^  and  the  whole  particles  will  be  made  to 
vibrate. 

But  we  have  seen  that  if  the  disturbing  force  exceed  a 
certain  moderate  quantity,  the  particle  will  not  return  to 
I  but  may  go  to  £  or  to  N,  fig.  1.  And  we  have  seen  (384) 
that  when  the  limits  of  cohesion  and  dissolution  are  very 
numerous^  the  situations  in  which  a  third  atom  may  rest 
in  relation  to  a  particle  consisting  of  no  more  than  two 
atoms,  are  still  more  numerous.  Now,  when  we  consider 
a  body  as  composed  of  particles^  each  of  which  contains 
many  atoms,  it  is  evident  that  the  situations  where  a  par* 
tide  may  be  at  rest,  are  increased  in  number  beyond  all 
power  of  calculation. 

288.  What  should  be  the  ostensible  effect  of  this  con- 
stitution P  If  we  examine  the  motion  of  the  particles 
by  the  methods  laid  down  in  dynamics^  we  shall  find 
that  all  bodies^  when  dilated  or  compressed  by  very  small 
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forces,  should  recorer  their  form  like  perfectly  elastic 
bodiea  But  if  the  disturbing  force  has  exceeded  a  cer- 
tain quantity,  which  may  be  very  different  in  different 
constructions  of  the  particles,  the  restituent  force  must  be 
less  than  the  changing  force— the  form  will  not  be  com- 
pletely restored^  and  the  bodies  must  appear  imperfectly 
elastic ;  and  the  sensible  elasticity  will  be  so  >mnch  the 
less  as  the  particle  has  been  forced  over  a  greater  number 
of  limits ;  because  it  will  only  return  to  the  left  of  those 
it  has  passed  orer. 

This  is  a  consequence  of  the  theory  that  is  confirmed 
by  the  most  extensive  experience.  Mr  Coulomb  was  en- 
gaged (for  a  particular  purpose)  in  a  series  of  experiments 
on  the  oscillations  of  springs,  particularly  of  twisted  wires. 
He  suspended  a  nicely  turned  ball  or  cylinder  by  a  wire  of 
a  certain  lengthy  and  fitted  it  witjb  an  index,  which  pointed 
out  the  degrees  of  the  torsion.  He  found  that  when  a 
wire  of  20  inches  long  was  twisted  ten  times,  the  index 
returned  to  its  primitive  position,  if  repeated  a  thousand 
times,  and  the  oscillations  were  made  in  equal  times, 
whether  wide  or  narrow.  But  if  it  was  twisted  eleven 
times,  the  index  did  not  return  to  its  first  place,  but  want- 
ed nearly  a  whole  turn  of  it.  Here  then  the  parts  of  the 
wire  had  taken  new  relative  positions,  in  which  they 
were  again  ,at  rest  But  what  was  most  remarkable  in 
Coulomb^s  experiments  was  this.  He  found  that  after  the 
wire  had  taken  this  set,  (as  it  is  termed  by  the  artbans) 
it  exhibited  the  same  elasticity  as  before.  It  allowed  a 
torsion  of  ten  turns,  and  when  let  go,  it  returned,  and 
after  its  oscillations  were  finished,  it  rested  in  the  posir 
tion  from  which  it  had  been  taken.  I  was  much  -struck 
with  this  experiinent,  and  immediately  repeated  it  on  a 
great  variety  of  substances,  with  the  same  result.  The 
most  unelastic  substance  that  I  know  is  soft  clay.  I  got 
a  thread  made  of  fiae  clay  at .  a  pottery,  by  forcing  it 
through  a  syringe.    It  was  about  ^^^th  of  an  inch  in  dia- 
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meter,  end  eleven  feet  long.  While  quite  Boft^  (and 
smeared  with  olive  oil,  to  prevent  its  stiflfening  bjr 
the  evaporation  of  its  moistare,)  I  fastened  it  to  the 
eetling,  and  fixed  a  small  weight  and  an  index  to  its 
lower  end.  I  found  that  it  made  5^  turns  a  hundred 
times  and  .  more,  without  the  smallest  diminution  of  its 
dastictty,  always  recovering  its  first  position.  But  when 
I  gave  it  seven  turns,  it  returned  only  6^-  Thus  it 
took  a  set.  In  this  new  arrangement  of  its  parts,  I  found 
that  it  again  bore  a  twist ,  of  5^  turns  without  taking  anj 
new  set.  And  I  repeated  this  several  times.  I  then  gave 
it  ten  turns,  in  the  same  direction  with  the  first  seven. 
It  returned  5^  as  before,  and  was  again  perfectly  elastic 
within  this  limit. 

I  therefore  look  ypon  this  ccfnsequence  of  Boscovich^s 
theory  as  perfectly  agreeable  to  what  we  observe  in  tan- 
gible matter.  Mr  Coulomb  infers  from  his  experiments 
that  the  ultimate  particles  of  bodies  are  perfectly  elastic, 
and  that  the  imperfect  elasticity  that  we  observe  is  owing 
to  the  particles  shifting  their  positions  when  forced  too 
far  from  their  present  situations. .  This  is  a  very  fami- 
liar and  easy  way  of  conceiving  it,  and  it  is  very  evident- 
ly the  case  in  sudi  a  body  as  clay,  which  we  can  twist  and 
force  into  any  mutual  position  of  its  parts.  But  this  perfect 
elasticity  of  the  ultimate  particles  can  be  ooQoeived  in  no 
other  way  than  that  described  by  Bosoovich.  I  may  add 
that  Coulomb  is  probably  right  in  ascribing  the  shifting 
of  position  solely  to  the  particles y  and  not  to  the  atoms  c^ 
which  they  are  composed.  For  if  the  atoms  of  a  particle 
shift  their  places  in  the  [>article,  the  nature  and  manner 
of  acting  of  that  particle  will  be  changed.  It  is  al»o  a 
iemonstrable  consequence  of  Boscoyich^s'  thcaory,  that  the 
ibroes  which  resist  a  change  of  position  among  the  atoms, 
must  be  incomparably  greater  than  the  similar  forces  of 
the  particles;  and  also  that  the  number  of   quiescent 
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jyliuations  for  partides  must  be  incompftrabljr  greater  than 
for  the  atomi  of  a  particle. 

289.  Another  appearance  of  tangible  matter  shews  a 
most  etiGouraging  conformity  to  the  theory.  When 
bodies  are  very  moderately  compressed  or  dilated,  the 
forces  employed  are  proportional  to  the  change  of  distance 
between  the  particles.  This  appears  most  eifactly  true 
in  the  experiments  of  Dr  Hooke,  on  which  he  founded  his 
theory  of  springs,  expressed  in  the  phrase  ut  tmsio  sic  vts^ 
and  his  noble  improvement  of  pocket  watches  by  apply- 
ing a  spiral  spring  to  the  axis  of  the  balance*  which,  by 
iX»  bending  and  unbending,  produced  a  force  proportional 
to  the  angle  of  the  oscillations^  and  therefore  made  them 
isochronous,  whether  wide  or  narrow.  It  is  also  confirm* 
ed  by  the  experiments  of  Coulomb  on  twisted  wires ;  and 
by  the  form  of  the  elastic  curve,  as  determined  by  Ber- 
noulli, on  the  supposition  that  the  fcnrces  with  which  the 
particles  attracted  and  repelled  each  other  are  proportional 
to  their  removal  from  their  natural  quiescent  positions. 
But  it  is  found  that  when  the  compression  or  dilatation 
is  too  much  increased,  th^  resistance  does  not  increase  so 
fast ;  that  it  comes  to  a  mats  mum  by  still  increasing  the 
strain,  theh  decreases,  and  the  body  takes  a  great  set,  or 
breaks.  All  this  is  perfectly  analogous  to  the  forces  e:^-> 
pressed  by  the  ordinates  of  our  exponential  curve.  In  the 
immediate  vicinity  of  the  limits  of  cohesion^  the  ordi- 
nates increase  nearly  in  the  ratio  of  the  abscissae,  then  they- 
increase  more  slowly,  come  to  a  maximum,  decrease  again, 
ttU  we  come  to  a  limit  of  dissolution. 

I  have  now  said  enough,  I  thinks  for  giving  a  pretty 
distinct  notion  of  this  thetM*y,  and  its  competency  tor  ex-' 
plain  many  of  the  nliec^nieal  phenomaia  of  nature.  The 
curious  student  will  net  centent  himself  with  this  slight 
sketch,  bttt  will  go  to  the  work  itself.  There  he  wilFfind 
a  most  ingenious  applicatiioo  <)f  these  principles  to  the  ex- 
planation of  many  abstruse  and  curious  phenomena,  son^e 
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of  which  seem  to  throw  unsnrmountable  obstaddr  id  ou^ 
waj.  Nothing  can  seem  more  difficult  to  explain  than 
the  free  passage  of  light. 

The  observations  which  have  occupied  our  attention 
are  onlj  such  as  relate  to  the  more  obvious  mechanical 
changes  of  condition  produced  bjr  the  mutual  action  of 
bodies.  Mr  Boscovich^s  notion  of  the  impenetrability  of 
the  masses  are  very  curious,  but  are  omitted,  as  not  of 
much  sernce  in  our  particular  views. 

890.  I  may  end  this  exhibition  by  saying,  that  it  is 
really  wonderful  how  fertile  this  theory  appears  when  we 
apply  it  to  the  explanation  of  physical  phenomena.    All 

masses  will  have  gravity  proportional  to  —,  and  propor- 

tional  to  the  quantity  of  matter  in  the  mass  toward  which 
it  is  directed.  So  that  on  the  surface  of  this  earth,  gold 
and  a  feather  will  fall  equally  fast ;  and  the  pressure  which 
we  call  this  weight  will  be  (sensibly)  as  their  quantity  of 
matter ;  and  (which  is  of  prime  importance)  all  the  me- 
chanical actions,  contemplated  merely  as  changes  of  mo- 
tion,  will  be  mutual,  equal,  and  opposite.  But,  in  all  the 
properties  which  depend  on  the  small  insensible  distances^ 
such  as  those  in  which  light  is  reflected,  refracted,  or  deflect* 
ed,the  distances  at  which  our  fibres  are  stimulated  mechani- 
cally, those  of  the  palate  for  taste,  those  of  the  nostrils 
for  smell,  those  of  the  ear  for  sound,  those  of  the  eye 'for 
vision,-^the  distance  at  which  the  particles  of  the  air  are 
exerted  to  tremor,  and  rest  on  each  other  so  as  to  propa- 
gate this  tremor — ^tbe  distance  at  which  the  nerves  of  our 
skin  are  stimulated  by  roughness— the  distance  at  which 
cohesions  are  effected  in  all  their  varieties— *the  dbtance  at 
which  secretions,  fermentations,  solutions,  precipitations— 
the  action  and  polarity  of  particles  which  operate  in  crys* 
tallisations,  and  all  the  wonders  of  chemistry  which  dis- 
tinguish the  different  kinds  of  substances, — ^in  all  these 
distances  there  must  be  a  diversity,  fully  adequate  to  ac- 
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"iouht  for  all  the  variety  observed  in  the  world.  There 
does  not  appear  the  smallest  necessity  for  supposing  that 
any  one  primary  atom  of  matter  differs  in  any  respect 
whatever  from  every  other  atom.  One  and  the  same  curve 
line  is  the  exponential  of  the  force  of  every  atom.  Not  only 
does  nd  other  seemnecessaryj  notwithstanding  the  immense 
variety  that  we  observe,  but  it  would  seem  that  there  can- 
not be  another.  It  would  not  be  agreeable  to  the  universal 
fact  of  action  and  reaction-^a  fact  to  which  we  know  of 
no  exception^ 

'  891.  It  may  now  be  aiked  why  so  inuch  time  has  beeif 
occupied  with  this  theory,  however  ingenious  ?  Ha?  it 
^liy  foundation  in  nature  ?  Will  it  assist  us  in  our  future 
researches  ?  Cad  it  be  that  tangible  body  is  not  that 
continuous  uninterrupted  substance  that  it  is  generally 
supposed  to  be,  and  that  it  is  merely  an  assemblage  of 
pointSj  dbtant  from  one  aiiotiier,  and  as  unlike  a  solid 
body  as  aiiy  thing  we  can  conceive  .^^ 

In  answering  such  questions^  we  miist  always  recollect 
&at  our  ultimate  judgments  depend  more  immediately,  or 
at  least  more  certainly,  on  the  nature  of  human  intellect^ 
than  on  their  agreement  with  the  state  of  external  nature. 
Of  thiit  perhaps  we  have  but  little.  But  we  can  tell 
what  notions  we  can  form  with  distinctness,  what  are  ob- 
^cure^  and  what  are  incongruous,  impossible,  or  absurd. 
We  also  know  what  kind  of  evidence  produces  belief,  and 
what  doto  perempltorily  toclnde  it.  It  is  certain  that  we 
account  a  piece  of  polished  gold  or  of  glass,  to  be  a  piece 
of  continuous  uninterrupted  matter.  There  is  no  alterna- 
tive but  that  it  is  interrupted.  'But  to  say  that  it  is  so 
is  not  enough.  We  must  prove  in  dome  way  or  another 
that  it  is  not  continuous.  We  see  no  interruption,  we 
feel  none,  and  therefore  may  require  them  to  be  pointed 
out  to  us.  As  this  has  not  been  done  with  the  evidence  of 
sense,  it  has  Ixeen  flatly  refused,  and  the  greatest  part  of 
philosophers  hold  tahgitde  matter  to  be  something  conti- 
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nuous,  ^consisting  of  parts  in  absoliHje  contact,  and  that 
one  bodj  acts  on  another  by  coming  into  contact  with  it. 
There  are  cases,  however,  in  which  we  have  learned  to 
distrust  our  first  judgments  concerning  the  information 
given  by  our  senses.  Scmietimes  the  errors  of  opinion 
proceed  from  the  imperfection  of  our  senses.  Thus  a 
glass  globe  foiled  in  the  usual  way,  appears  uniformly  res« 
()lendent  by  reflected  light ;  but  if  held  between  the  eye 
and  the  lig^t^  we  perceive  the  metallic  covering  to  be  very 
partial,  and  that  light  comes  through  it  as  through  a  cob* 
web,  but  still  we  see  no  pores  till  we  take  a  magnifying 
glass. 

In  other  cases  we  observe  our  error,  by  its  absolute  in- 
consistency with  judgment,  formed  on  the  most  uezcep* 
tionable  manner.  Thus  it  is  certain,  that  in  many  cases^ 
where  no  interruption  can  be  observed,  there  are  never* 
theless  vacuities  through  which  other  matter  may  pass. 
The  hardest  marble  is  penetrable  by  oil,  which  it  imbibes^ 
and  is  discoloured  by  it.  Gold  and  silver  do,  in  like  man- 
ner, imbibe  mercury.  The  most  specious  proof  is  obtain- 
ed by  the  free  passage  of  light  tltfough  transparent  bodies. 
Something  passes  through  a  piece  of  glass  which  illumi- 
nates, which  warms,  which  oxygenates  metals  and  other 
inflammables ;  and  which,  in  other  circumstances,  reduces 
metallic;  oxydes ;  which,  in  short,  gives  the  strongest  indi- 
cation of  its  materiality. 

S92.  From  these,  and  many^  siinil^ar  facts,  philosophers 
thought  themselves  under  the  necessity  of  admitting  in- 
terruption in  the  continuity  of  tangible  matter,  and 
were  led  to  the  atomistic  theory,  which  Newton  first 
enounced  with  some  precision,  and  which  Boscovich 
has  reduced  to  a  system.  The  philosophers  of  anti- 
quity also  had  some  Imperfect  notion  of  this  kind.  But 
they  went  no  farther  than  the  mere  divisicm,  in  imagina* 
ticm,  of  the  visible  masses,  into  smaller  parts  of  the  same 
kind,  without  taking  any  pains  to  .shew  how  the.sensifolp 
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qualities  of  bodies  could  result  from  the  mere  combination 
of  such  fragments.  Even  the  chemical  philosophers,  who 
taught  that  there  were  different  elementary  particles,  did 
nothing  to  shew  in  what  those  elements  diffi^red,  or  what 
waB  the  principle  of  their  connection^  from  fragments  of 
the  sensible  masses.  Newton  attempted  this ;  but  though 
his  notions  have  all  the  originality  and  acuteness  that  we 
should  expect  from  Sir  Isaac  Newton,  they  are  offered 
merely  as  miscellaneous  thoughts,  without  any  seri6us  at* 
tempt  to  support  this  novel  opinion.  Indeed  those  observa* 
tioRs  of  Newton  are  rather  attempts  to  explain  some  of  the 
chief  discriminating  relations  of  different  substances,  than  * 
to  establi&h  a  general  doctrince  concerning  the  sensible 
fbrsis  of  tangible  matter,  and  the  mechanical  consequences 
of  this  doctrine. 

Boscovich^  on  the  other  hand,  endeavours  at  once  to  es- 
tablish this  doctrine.  Therefore,  he  begins  with  the  bold 
assertion  that  .this  atomodynamical  constitution  of  tan« 
gible  matter  is  not  only  a  conceirable  and  possible  thing, 
but  that  no  other  constitution  is  compatible  with  the  ac* 
knowledged  phenomena  of  existing  matter.  His  chief  ar» 
gument  is  taken  from  what  is  called  the  law  op  continu- 
ity. A  moving  point  cannot  pass  from  one  point  of  space 
to  another,  without  passing  through  all  the  intermediate 
points  of  its  push  in  succession.  In  like  manner,  a  body 
moving  with  the  velocity  6  feet  per  second,  cannot  change 
this  rate  of  motion  to  4  feet  per  second,  in  an  indivisible 
instant  of  time,  as  it  is  generally  thought  to  do  in  colli- 
sion,  for  that  instant  is  the  end  of  its  motion  with  the  ve- 
locity -&,  and  the  beginning  of  its  motion  with  the  velo- 
city 4.  It  is  not  a  portion  of  time  interposed  between 
them,  but  the  mutual  boundary  of  both.  Therefore,  to 
suppose  this  instaataneous  change,  is  to  suppose  that  in 
that  indivisible  instant,  the  body  has  both  the  velocity  5 
and  the  velocity  4,  which  is  inconceivable  or  absurd. 

293.  There  must  therefore  be  some  way  by  which  this 
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impossibility  is  avoided.  This  will  be  accomplished  only  • 
by  means  of  a  mutual  force,  acting  on  both  bodies  before 
they  come  into  contact,  in  the  manner  in  which  we  reaHy 
observe  all  changing  forces  to  act,  that  is,  diminishing 
the  velocity  of  the  one,  and  increasing  that  of  the  other, 
by  insensible  degrees.  We  shall,  in  due  time,  have  the 
fullest  proof  that  this  is  the  case  in  fact,  in  all  the  chants, 
df  motion  observed  in  this  created  world ;  and  we  may 
limit  our  inquiries  to  this  scene.  All  atoms  of  matter, 
therefore,  must  be  endowed  with  an  insuperable  repulsive 
force,  extending  to  some  di9tance,  which  shall  make  the 
mathematical  contact  absolutely  impossible. 

It  does  not  require  much  reflection  to  see  that,  without 
this  supposition,  the  law  of  continuity  must  be  violated  in 
every  collision  of  bodies. 

But  repulsive  forces  alone  cannot  produce  a  mass  of 
coherent  matter.  Mutual  attractions  are  equally  neces* 
sary ;  and,  as  the  law  of  continuity  obliged  Mr  Bosco- 
vich  to  consider  this  repulsive  force  as  acting  at  a  small 
and  insensible  distance,  it  was  very  natural  for  him  to 
•consider  the  attractive  forces  as  similar  in  this  respect* 
Having  admitted  this,  it  did  not  require  a  great  deal  of 
consideration  or  ingenuity  to  contrive  a  constitution,  such 
as  has  been  described,  where  the  atoms  should  be  situated 
at  such  distances  from  one  another,  that  when  pushed 
nearer  they  should  repel,  and  when  drawn  asunder  they 
should  attract,  and  when  at  their  natural  distance,  they 
should  neither  attract  nor  repel.  The  rest  of  bis  study 
was  in  order  to  be  able  to  shew,  by  the  many  alterna- 
tions of  attraction  and  repulsion,  and  by  other  accommo- 
dations, how,  from  one  law  of  action  for  every  atom,  may 
be  derived,  by  composition,  all  the  varieties  of  form  and 
of  mutual  action  th^t  we  observe  in  the  world  around 
us. 

294.  All  this  was  pure  speculation  on  the  part  of  Mr 
Boscovich;   for  he  does  not  seem  to  have  known  th^ 
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xnMj  facts  by  which  this  corpuscular  action  e  Jiatantt  is 
confirmed.  He  mentions  indeed  the  experiments  of  New-^ 
ton  on  the  inflexion  of  light  as  it  passes  near  solid  bodies, 
and  also  by  those  by  which  it  appears  that  light  is  reflect- 
ed and  refracted  before  it  comes  into  mathematical  con- 
ttact  But  he  takes  no  notice  of  the  still  more  precious 
experiments  of  Huyghens,  and  those  of  Newton  with  the 
•object  glasses.  Nor  does  he  consider  the  phenomena  of 
capillary  attraction  as  any  thing  different  from  mere  ad- 
hesion, or  as  affording  proofs  of  action  e  distantt.  But, 
in  the  progress  of  his  discussion,  many  things  occur, 
which  greatly  illustrate  and  confirm  his  first  notions  of 
the  discrete  structure  of  tangible  matter. 

This  theory  of  Mr  Boscovich  unquestionably  receives 
great  support  from  the  various  phenomena  of  corpuscular 
action,  which  I  mentioned  before  giving  an  account  of  his 
doctrine.  His  great  argument  from  the  law  of  continuity 
will  come  to  be  considered  and  applied  afterwards,  and, 
I  presume,  will  be  found  to  be  of  great  force.  It  was 
mentioned  just  now,  merely  to  shew  how  the  ingenious 
author  was  led  to  form  his  theory. 

295.  I  shall  just  add  to  all  Mr  Boscovich'^s  arguments 
for  the  discrete  structure  of  body,  that  I  cannot  form  to 
myself  any  conception  of  continuous  matter  that  is  com* 
patible  with  a  difference  of  density.  If  the  space  be  com* 
pletely  filled,  that  is,  if  there  be  no  part  of  it  in  wliich 
there  is  not  matter,  I  cannot  conceive  that  more  matter 
can  be  put  into  that  space,  nor  what  can  be  meant  by  a 
difference  in  density.  Yet  nothing  can  be  more  convin- 
cingly ascertained  than  the  different  density  of  the  most 
solid  and  continuous  bodies.  When  we  talk  of  pores  in 
such  a  body  as  gold,  or  water,  or  air,  in  which  none  can  be 
diiCfmered  by  the  senses^  hmoever  aasiated^  I  cannot  see  what 
authority  we  have  for  supposing  that  the  ultimate  par? 
tides  touch  one  another  in  any  points  whatever.  We  are 
induced  to  suppose  this,  solely  because  our  familiar  ae» 
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quaintance  with  matter,  from  our  earliest  infancy,  has 
been  by  means  of  our  sense  of  touch.  This  is  the  onlj 
way  in  which  we  usually  put  matter  in  motion,  and  it  is 
to  this  sense  that  we  always  appeal  in  any  case  of  doubt 
about  the  materiality  of  a  thing.  We  must  feel  it^  or  see 
it  produce  effects  which  would  excite  the  sensation  of 
touch  in  ourselves.  We  have  allowed  this  habit  to  in- 
fluence our  speculative  notions,  and  have  indolently  or 
carelessly  adopted  it  as  a  principle,  that  contact  is  alya* 
luteiy  necessary  for  the  cohesion  of  matter,  and  for  the 
communication  of  motion  by  impulse.  But  surely  who 
ever  holds  tangible  matter  to  be  absolutely  continuous, 
cannot  admit  such  a  thing  as  the  passage  of  light  through 
it.  There  is  indeed  no  absurdity  in  the  conception  of 
continuous  matter.  On  the  contrary,  it  is  the  clearest 
and  the  most  simple.  But  it  excludes  all  difference  of 
density.  For  nothing  can  exceed  the  density  of  what 
completely  fills  the  space.  If  again  we  explain  the  difie* 
rence  of  density  by  pores,  then  since  these  pores  are  alto- 
gether unperceived,  and  are  admitted  merely  to  get  rid 
of  a  difficulty,  there  is  no  reasonable  objection  remains 
against  the  opinion  of  Boscovich,  that  not  only  there  are 
vacuities  or  pores,  but  that  the  particles  are  not  in  con- 
tact on  any  side.  I  need  not  repeat  the  arguments  used 
in  the  beginning  of  this  article  against  the  mutual  con- 
tact of  the  particles  of  compressed  air,  or  compressed  wa- 
ter. I  hope  that  it  is  now  sufficiently  plain  that  physical 
contact,  and  all  its  consequences,  and  particularly  the 
production  of  motion  by  impulse,  may  be  produced  by 
means  of  attractive  and  repulsive  forces,  without  real 
mathematical  contact;  and  that  Newton^s  experiments 
with  the  glasses  and  the  soap  bubble  shew  that  mck  phy^ 
steal  contact^  and  the  communication  of  motion,  are  really 
80  produced. 

206.  I  see  no  reason,  therefore,  for  refusing  the  doc- 
trine taught  by  Mr  Boscovich^  as  far  as  relates  to  itn 
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{[teat  priQcipIe,  the  discrete  constitution  of  matter,  and 
the  non-existence  of  mathematical  contact.  These  two 
great  points  are  not  more  opposite  to  the  suggestions  of 
sense  than  the  rotation  and  revolution  of  the  earth,  which 
we  find  ourselves  obliged  to  admit,  on  account  of  the  in- 
compatibility of  the  common  opinion  with  other  pheno- 
mena.  It  is  for  such  reasons  only  that  the  daily  and  an- 
nual motion  of  the  sun,  and  the  absolute  rest  of  our 

m 

own  babitatioD,  are  considered  as  false  judgments  or 
prejudices.  The  present  question  is  perfectly  similar 
in  this  respect.  The  continuity  and  contact  of  the 
particles  of  tangible  matter  are  to  be  accounted  pre- 
judices, only  because  they  are  incompatible  with  other  ttn^ 
doubted  phenomena^  and  because  they  are  incompatible 
with  the  law  of  continuity,  the  violation  of  which  is 
inconceivable. 

With  respect  to  the  imputation  of  reviving  the  occult 
qualities  of  the  peripatetics  by  the  name  of  attraction  and 
repulsion,  the  defence  is  nearly  the  same  as  in  the  case  of 
the  gravitation  of  the  planets*  We  have  seen  instances 
in  which  the  mutual  adhesion,  and  the  mutual  separation 
'  of  the  component  particles  of  tangible  matter  are  incon^ 
testible  facts,-~are  general  laws  in  nature.  Nothing  is 
meant  by  attraction  and  repulsion  but  the  immediate  e£. 
ficient  causes  of  those  phenomena.  A  philosopher  may 
say  that  the  deflection  of  a  planet  is  effected  by  the  action 
of  an  etheriai  vortex.  He  may  and  he  must  say  the  sam6 
thing  herct  But  it  may  then  be  asked  him  how  this 
ether  produces  the  deflection  ?  He  will  probably  say  that 
it  is  in  the  same  way  that  a  stream  of  water  or  wiqd,  or 
cve.n  a  stream  of  sand,  would  deflect  the  motion  of  any 
body  that  it  strikes.  But  I  apprehend  that  this  answer 
of  the  philosophers,  which  has  long  been  thought  com* 
plete,  is  now  rendered  altogether  invalid.  For  we  have 
seen  that  it  cannot  be  shewn  that  one  body  ever  really 
rtrikes  another,  even'  when  it  puts  it  into  motion.    The 
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ether  is  employed,  because  it  is  a  fact  that  a  bodjr  of  sen* 
eible  magnitude  impels  another  before  it  comes  into  ma- 
thematical contact.  Therefore,  since  we  have  no  evidence 
that  one  body  really  hits  another,  we  cannot  say  that  a 
particle  of  this  ether  hits  the  body.  Another  ether  is 
therefore  necessary  for  explaining  its  impulse,  if  an  ether 
be  necessary  for  explaining  the  impulse  of  the  sensible 
body ;  and  we  must  have  a  third  ether  to  account  for 
the  action  of  the  second,  &c.  &c.  &c.  There  is  no  end  to 
this  kind  of  mechanism.  In  short,  active  powers,  different 
from  the  stroke  of  a  moving  body,  must  be  admitted, 
whatever  origin  we  assign  to  them,  and  we  must  add  them 
to  our  notions  of  mechanism,  and  no  longer  limit  the  term 
mechanical  explanation  to  an  explanation  by  impulsion  and 
contact.  The  manner  in  which  both  gravitation  and  ini> 
pulsion  are  effected,  will  probably  always  remain  unknown, 
but  the  approach  and  the  separation  are  not  occult  quali- 
ties, but  manifest  phenomena;  and  both  are  accompa^ 
nied  by  that  pres9ure  which  we  and  all  mankind  have  been 
accustomed  to  call  a  force,  which  is  therefore  another  mar 
nifest  phenomenon,  and  not  an  occult  quality.  If  better 
names  can  be  found  for  them  let  them  be  employed,  but 
Attraction  and  repulsion  seem  to  distinguish  the  pheno- 
mena very  clearly. 

There  seems  no  reasonable  objection  against  extending 
the  action  of  these  forces  to  the  particles,  and  even  to  the 
atoms,  although  it  must  be  acknowledged  that  we  do  not 
80  clearly  see  their  operation  on  those  particular  subjects. 
But  surely,  when  a  mass  of  tangible  matter  is  compressed 
or  dilated,  the  actual  exertion  of  forces,  opposing  the 
approach  or  separation  of  the  particles,  is  as  distinctly 
perceivable  as  in  the  similar  experiments  of  Newton  and 
Huyghens,  although  in  this  last  case  the.  actual  af^roacb 
and  recess  of  the  subjects  are  seen,  and  can  be  measure^ 
while  in  the  first  these  motions  are  altogether  impercep* 
tible  in  the  subjects  which  are  thus  moved,    Th^  caoiQft 
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ar^  fo  analogous  that  it  is  fastidious  to  refuse  admitting 
the  same  mode  of  explanvtion* 

297.  Perhaps  more  ^olid  objections  niajr  be  made  to 
one  circumstance  of  Mr  Boscovich^s  theory.  He  holds 
bis  atoms  to  be  unextended  mathematical  points.  I  can- 
not form  any  notion  of  one  of  these  as  an  individual  sub- 
ject,  different  from  the  notion  I  have  of  a  mere  point  of 
space.  The  individuality  of  a  point  of  space  consists  in 
its  being  that  particular  point  of  space,  so  and  so  situated 
with  respect  to  certain  other  points  of  space.  This  in^ 
dividual  point  of  space  is  therefore  immovable.  Surely, 
therefore,  the  active  ppwers  ascribed  to  matter  are  con« 
ceived  as  the  endowments,  or  the  attendants  of  something 
that  is  different  from  a  mere  point  of  space. 

I  afn  by  no  means  certain  that  this  inextension  of  an 
atom  is  indisputably  requisite  in  a  theory  which  maintains 
the  discrete  constitution  of  matter,  Far  less  am  I  certain 
that  it  is  pecessary  for  the  truth  of  this  constitution,  and 
for  its  utility  in  philosophical  discussion,  that  I  should 
perfectly  understand  the  nature  of  this  subject  or  substra^ 
turn  of  the  active  powers  of  matter.  But  neither  can  I, 
on  the  other  hand,  conceive  those  powers  to  have  no  sub^ 
stance  to  which  they  belong,  or  to  which  they  are  related, 
either  intrinsically  or  extrinsically.  I  cannot  conceive 
one  set  of  attractive  and  repelling  powers  putting  another 
set  in  motion  by  impulse.  These  are  words  without  ideas. 
It  b  not  likely  that  human  intellect  will  either  acquire 
more  adequate  knowledge  of  the  subject,  or  that  it  will 
ever  be  able  to  divest  itself  of  the  thought  that  there  is  a 
substance  in  which  those  powers  are  inherent. 

298.  Notwithstanding  this  limitation  and  imperfection 
of  our  knowledge  of  this  subject,  we  shall  find  several  con- 
sequences of  this  manner  of  considering  the  mechanical 
relatiqn  of  the  parts  of  tangible  matter,  which  we  may 
employ  with  confidence,  to  help  us  in  our  inquiries ;  and  I 
trust  that  I  may  be  able  by  this  help  to  illustrate  many 
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things  which  would  otherwise  have  been  veiy  obscure. 
But,  at  the  same  time,  I  am  aiME*e  that  the  most  scrupu- 
lous caution  must  be  continually  observed  in  making  use 
of  this  help.  We  must  at  all  times  avoid  forming  anj  ge- 
neral conclusions  without  firmly  establishing,  by  mathe- 
matical reasoning,  the  individual  fact  which  we  make  the 
basis  of  our^  inference ;  and  we  must  never  trust  our  ima- 
gination in  its  views  of  the  combintd  motions  or  actions  of 
many  particles  or  atoms,  except  in  cases  where  we  can 
demonstrate  the  legitimacy  of  such  procedure.  I  should 
even  add  that  the  difficulties  in  this  study  of  corpuscular 
attraction  and  repulsion  have  been  greatly  augmented  by 
some  late  discoveries. 

The  action  which  we  are  now  considering  is  limited  to 
the  small  and  infusible  distances  in  which  the  particles 
of  tangible  matter  are  situated  in  respect  of  one  another  i 
and  the  doctrine  which  I  am  now  prosecuting  considers  the 
corpuscular  force  as  depending,  both  as  to  kind  and  de- 
gree, solely  on  the  distance  and  position  of  the  acting  p^- 
ticles.  Now,  in  that  numerous  and  important  class  of 
phenomena  which  are  known  by  the  name  of  galvanic, 
there  occur  corpuscular  actions  which  seem  altogether  in- 
explicable on  those  principles.  We  see  a  wire,  the  remote 
end  of  which  communicates  with  the  positive  pole  of  Vol- 
ta''s  pile,  attract  to  itself  the  particles  of  metal  which  are 
floating  round  it  in  the  solution.  Now  let  the  remote  end 
of  this  wire  communicate  with  the  other  pole,  of  the  pile. 
In  an  instant  the  action  of  the  wire  is  totally  changed ;  it 
no  longer  attracts  the  metal,  and  even  seems  to  repel  it. 
Yet  there  is  no  change  in  the  distance  and  position  of  the 
acting  particles.  I  know  that  magnetism  presents  pheno- 
mena which  are  extremely  similar,  and  which  we  can  ex- 
plain in  perfect  consistency  with  the  laws  of  attractioa 
~  and  repulsion ;  but  the  admission  of  a  sjmilar  explanation 
in  the  present  case,  gives  a  complexity  to  the  question 
which  almost  blasts  all  our  hopes. 
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299.  Notwithstanding  this  discouragement,  this  de* 
partment  of  science  is  deserving  of  the  most  careful  culti- 
vation. All  the  changes  of  material  nature,  when  ana^ 
Ijsed  to  the  utmost,  are  examples  of  matter  influenced  bj 
moving  forces*  This  is  the  case  even  when  the  sunshine 
discharges  some  gay  vegetable  colour ;  some  matter  is 
moved  from  its  former  place,  and  takes  a  new  arrange^ 
ment.  The  phenomenon  would  be  completely  ei^plained^ 
could  we,  from  our  knowledge  of  the  law  of  action  of  the 
forces,  tell  the  path  of  the  removed  atom,  and  its  motion 
in  that  path,  as  we  can  do  in  the  case  of  the  moon. 

We  are  not  without  encouragement,  even  in  this  per- 
plexed research.  We  are  obtaining  now  and  then 
pretty  distinct  traces  of  general  laws.  We  have  found' 
that  the  mutual  action  of  the  particles  of  such  gasses  as  ^ 
we  have  been  able  to  confine  and  measure,  is  nearly  pro- 
portional to  the  density  of  the  gas  in  its  different  states  of 
compression;  and  therefore  it  diminishes  nearly  in  the 
proportion  that  the  distance  of  the  particles  increases. 
We  have  also  found  that  there  is  a  great  difference  in  the 
laws  of  action  in  different  gasses  in  the  moment  of  their 
production  from  a  solid  or  liquid  body.  Thus  the  gas 
produced  by  the  inflammation  of  gunpowder  exhibits  an 
elasticity  nearly  proportional  to  its  density,  through  the 
whole  range  of  its  expansion.  But  the  gas  produced  from 
fulminating  gold,  silver,  or  mercury,  shews  an  action  of 
the  particle  which  diminishes  much  more  by  an  increase 
of  distance.  Scarcely  any  barrel  is  able  to  withstand  their 
explosion,  yet  they  have  not  half  of  the  force  for  impel- 
ling a  ball  by  their  anUinual  expansion  along  the  bar- 
rel. 

300.  I  observed,  on  another  occasion,  that  a  certain 
sect  of  philosophers  insist  that  all  forces  diffused  from  a 
centre  decrease  in  the  inverse  duplicate  ratio  of  the  dis- 
tances ;  and  that  if  any  other  law  is  observed,  it  arises 
from  the  manner  in  which  diffcrent^atoms^  acting  by  thi^ 
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primordial  law,  are  combined.  But  this  will  not  agree  with 
many  phenomena  of  tangible  matter.     If  the  primordial 

force  be  proportional  to  — ,  the  action  of  all  compound 

particles  must  decrease  more  slowly,  and  be  proportional 

to .    Now  we  are  certain   that  there  are  inanr 

X*  —  m 

forces  which  decrease  faster  than  in  the  ratio  of  -» ,  and 

or 

must  be  proportional  to  — — —  •  iThe  phenomena  of  eo* 
hesion  in  bard  and  brittle  bodies  much  more  resemble  the 
effects  of  a  force  proportional  to  — ,  for  at  the  smallest  sen- 

sible  distance  the  cohesion  vanishes  entirely.  The  ac- 
tion of  aurum  or  argentum  fuiminans  undoubtedly  de- 
creases faster  than  — .• 

The  observations  contained  in  tiie  first  part  of  this  ar^ 
iicle  give  sufficient  authority  for  concluding,  that  the 
parts  of  what  we  have  called  tangible  matter  are  related 
to  each  other  in  a  way  which  greatly  resembles  the  me* 
chanism  described  by  Mr  Boscovich ;  so  that  this  descrip* 
lion  may  be  of  considerable  service  in  our  subsequent  ex- 
aminations of  those  changes  of  motion  that  are  produced 
by  the  actions  of  sensible  masses  on  one  another.  It  di^ 
rects  us  to  a  way  of  conceiving  the  connection  of  the  di»> 
tant  parts  of  a  body,  without  which  we  shall  in  vain  look 
.for  a  satisfactory  explanation  of  some  fundamental  truths. 
Of  this  we  shall  soon  have  full  evidence. 

301.  I  cannot  help  taking  notice  of  a  performance 
,wbich  has  been  repeatedly  announced  in  our  periodical 
publications,  as  ready  for  the  press,  by  the  title  ot  Recker* 
ches  Maikematiques  sur  la  constitution  iniime  des  Corp9.  Par 
J.  G.  Butt.  An  index  or  precis  of  the  work  has  also  been 
some  time  in  circulation*    The  author  professes  to  ex- 
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plain  the  intimate  structure  and  constitution  of  tangible 
matter.  He  builds  his  whole  system  on  the  following 
proposition,  which  ascertains  the  primordial  property  of 
matter,  by  which  alone  all  the  phenomena  of  the  visible 
uniTerse  are  effected  and  explained. 

FUNDAMENTAL    THEOREM* 

jiny  ttDO  elements  of  matter  wHl^  in  virtue  of  their  mere  exists 
ence^  miUually  approach  each  other  in  every  instant,  by  a 
space  which  is  inversely  proportioned  to  the  square  (f  their 
distance. 

The  author  does  not  indeed  say  that  they  'must  so  ap« 
preach.  His  only  meaning  seems  to  be,  that  if  there  be 
any  relation  of  approach  or  recess  mutual  between  them,^ 
this  must  be  its  character.  The  momentary  change  of 
place  must  be  inversely  proportional  to  the  square  of  their 
mutual  distance.  Having  demonstrated  this  fundamental 
theorem,  the  very  ingenious  author  proceeds  to  explain, 
that  is,  to  account  for  all  the  phenomena  of  the  material 
world,  the  phenomena  of  cohesion,  in  all  its  varieties  of 
hardness,  softness,  doctility,  elasticity,  fluidity ;  and  the 
phenomena  of  magnetisiii,  electricity,  chemical  affinity, 
optics,  &c.  &c. 

Mr  Bue'  is  an  expert  and  elegant  algebraist,  and  has 
given  a  vast  apparatus  of  the  most  refined  equations,  ex- 
pressing the  mechanical  possibilities  of  nature.  In  parti- 
cular, he  giv^s  une  equation  fnak,  which  expresses  the 
Universe  *^  tonts  lesfaits  possibles^ 

He  then  applies  these  equations  to  particular  cases,  and 
says  that  this  and  that  phenomenon  are  explained,  that  is, 
are  shewn  to, be  necessary  results  from  this  primitive  es- 
sential property  of  matter.  Then  comes  his  chief  ques- 
tion,—^' If  atnong  all  the  possibilities  expressed  by  his  f  not 
'**  equation,  a  certain  number  tally  exactly  with  the  same  num^ 
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''  ber  of  the  observed  phenwnemt  of  the  universe^  what  U  ike 
'<  degree  of  probability  that  the  hypothesis  U  false  f 

To  answer  this  question,  the  author  now  plunges  into 

"^  ifi^JL^'lijrf  4     the  depths  of  condoreets,  caievl  des  probabilites ;  and,  after 

-.   -  several  pages  of  the  most  abstracted  and  general  equations 

that  can  l>e  imaginedr  and  in  which  all  physical  ideas  have 
quitted  the  mind,  he  makes  it  as  clear  as  sunshine  that 
the  probability  is  =  O  ! ! !  Q.  £.  d.  The  phenomena  are 
now  held  as  explained. 

The  inevitable  conclusion  which  must,  I  think,  follow 
from  these  ingenious  labours  is,  that  the  universe  cannot 
be  any  thing  but  what  we  see  it  to  be«  We  have  the 
good  fortune  to  exist  during  one  of  those  possible  forms 
into  which  matter,  after  acting  and  reacting,  during  ages 
of  ages,  has  worked  itself  into  a  shape  which  may  endure 
for  ever. 

I  have  studied,  with  the  utmost  care  and  attention,  this 
author^s  demonstration  of  this  bis  fundamental  proposi- 
tion.    I  cannot  say  that  it  is  not  demonstrated ;  because 
^  I  confess  that  I  cannot  form  any^distinct  notion,  either 

of  his  reasoning,  or  of  the  principles  from  which  he  rea- 
sons. I  am  willing  to  think  that  I  misunderstand  him ; 
but  I  have  given  the  proposition  in  his  own  woids.  I 
shall  grant  that  it  flows  legitimately  from  his  princi- 
ples. 

302.  But  it  M  surely  very  singular  that  this  primordial 
law  of  nature,  essential  to  matter,  and  the  foundation  of 
all  its  properties,  should  not  be  observed  in  orie  single  phewo^ 
menon  of  nature.  The  author  assumes  and  employs  it  un- 
der  the  name  of  the  law  of  gravitation,  the  discovery  of 
Sir  Isaac  Newton.  But  I  apprehend  that  he  is  off  his 
guard  in  this  instance.  Although  an  expert  and  elegant 
analogist,  he  does  not  seem  to  be  aware  that  the  proposi* 
tion  which  he  has  demonstrated  differs  toto  aelo  from  the 
law  of  gravitation.  This  is  remarkable ;  for  I  think  tiiat 
the  mathematical  reader  will  perceive  that  the  proposition 


>?9tjr  of  the  «r^yif#tiflg  f^a/n  ^  jbvifrsely  fp^e^qy^^  of 
its  ^ifiBjuf^  kfwxi  rtN?  f tgpi  toward  T^Jtf*  ?*  fff^Yiiitatpp  w4 

in  every  iru^^,  k  MWt^  |t»r  f verjr  gi^anV^^n  9^  tb« 
measure  of  the  velocity.  But  in  gravitation,  it  is  not  the 
velocity,  but  the  acideleration,  that  is  inversely  as  the 

WW?  f4  *?  §i^mf'  J  4p  ^pt  *»<w  fm  ?R<^tap«>us 

I^c^Qiqe|^§  fl^ir^yri,  ^  jrJtiic^  ]||ir  l^e^^f  ffroj^ffsi^  if 

Thji^  w/#  It  »#w«rs  ftre  jri^tli  jyis  if t(<^  if^  i^WVt'  1^ 
nmn  *V»1?^  rtie  j&>»n4^tip9  of  4e  B^FW  pf  ftajtwe-  Mr 
flu^'  ^  ))l^j^d  q£  tJb^s  fljy  o^e^i(^ ;  but  k  is  in  wn  to 
V^efL  tffrjfff  4e  Pfi^vragp,  ^  I  I^gi*  he  k  •ttftipptwg. 

ftf  mttr  m^  ?^ift  tis  grpiisd;  If  kfi  h^4pxq0m^T^^ 
this  proposition,  he  can  demonstraite  no  other  (Ffffa  fi^ 
f fLiQ^  ffin^^ ;  af d  /^|s  ip^t  ^el^ch  fff  ^o^^  dtj^pr  proof 
of  the  hyf  gf  grai^i^ian,  fp/iif^  ^  h^a  9knnh  kf  this  grop9r 

I  mfj  here  qbs^jrv^  jth^  tf^  Blif^'^iB  juigenipu?  e^plwa* 
tiop  q^  m^j  pbepqiQena  i»  paf.  vfi  %h^  Icsist  bu^  l^y  tbi^ 
W¥?^teri^g  ffWl^sitfPfi.  ^e  ^ugfajt  h^v0  s^nply  staged  ^ 
f^  fkmy^p4  ^V^9  itbat  ^11  ^at^er  gr^vit^tes,  i^  thfi  i^anner 
jdenciriM  f}j  ifev^Lqa^  f^  be  m^t  th^  b^^e  apixUed  tbii 
ifii  tba  ^;(jp||w#icy(i  of  ot^^  i^pom^na,  pc^isely  as  be 
hg^  409/e ;  fjQ^d  tk0  ?W^»Vt^P^s  ytqixld  ^1^  har^  all  jtbat 
inerit  fffff^t  ing^ujjty,  /^l^pyg^  I  wmt  cpoiider  them 
as  altog^tbf?r  fftn^w^jji;  wd  fenctfirf, 

^.  In .  tj^f  (ar^f^  q^^eratjop  pf  jtbe  oaechaiiical 
ff^efKfm^ffL  tf[  mf^fPf  ^  Jb«r  1m:«  WP^Ui^  by  jthje  addi^ 
tion  9^  t^p  force  pf  ^Ijif 5199,  it  i^  i^fci^as^y  to  divide  the 
s^iM^  ^f  our  ^ifffpff^aifffn  mtq  t^p  closes,  dependjog 
fm  t^e  sajjffp^r  in  ff hich  tJ^f  f«irticle^  ^e  ,cfmbin^,  so  ais 
iff  fonp  fpftff^  of  tafi^^  nMlittex.  Tili/»^  are  ^either  solid 
or  flujii}.    ^id  bo4^^  are  au^h  as  retai^  a  c^tm  ^ape 

VOL,  f,  V 
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and  resist  (to  speak  tnetaphoricalTy)  in  a  certain  degree, 
the  forces  which  are  employed  to  change  this  shape.- 
Fluids  exhibit  no  such  firmness,  and  must  be  kept  in  ves- 
sels, otherwise  their  gravitj  woald  cause  them  to  spread 
abroad  on  the^ground.    We  shall  first  consider 

The  Mechanism  of  Solid  Bodies, 

The  experiments  with  the  object'  glasses,  to  which  re- 
ference  has  been  so  often  made,  shew  us  that  any  piece  of 
solid  matter  acts  on  another,  at  a  very,  minute  distance, 
with  a  repulsive  force  so  great  that  we  have  no  evidence 
that  it  ean  be  overcome  by  any  force  that  we  can  employ. 
This  Jorce  was  perceived  in  those  experiments  at  a  dis- 
tance not  less  than  the  5000th  part  of  an  inch,  and  it  pro-  - 
bably  extended  considerably  farther,  but  with  a  diminished 
intensity. 

We  are  fully  warranted  to  say  that  the  repulsion  mani- 
fest in  those  experiments  is  the  immediate  cause  of  the 
physical  contact  of  boc^ies,  and  is  the  force  which  we  call 
pressure.  By  this  repulsion,  bodies  act  on  our  external 
fibres  and  nerves,  and  occasion  in  us  the  sensation  of  . 
touch,  or  what  we  call  feeling.  This  is  perhaps  our 
clearest  notion  of  force  of  any  kind.  Gravity  is  per- 
ceived as  an  agent  by  the  pressure  of  a  heavy  body  on 
our  hand ;  yet  this  pressure  is  not  the  agency  of  gravity, 
but  of  the  corpuscular  repulsion  we  are  now  considering. 
Gravity,  by  forcing  the  heavy  body  near  enough  to  our 
hand,  gives  occasion  to  this  repulsion,  which  most  persons 
imagine  to  be  the  heaviness  or  weight  of  the  body. 

Being  the  cause  of  our  sensation  of.  touch,  Uiis  repul- 
sion gives  us  our  first  and  most  familiar  notion  of  solidity, 
firmness,  of  corporeality.  It  is  even  the  immediate  ■ 
cause  of  the  philosophical  notion  of  solidity,  materiality, 
impenetrability,  that  is,  the  maintenance  of  the  place  oc- 
cupied, exclusive  of  all  other  matter.  One  piece  of  mat-i 
i^  cannot  occupy  a^ace  already  occupied  by^  other  mat- 


4er,  except  by  thrusting  that  other  matter  out' of  the  sp^ace 
filled  by  it. 

So  many  functiohs  Entitle  this  j^ectiliar  modification  of 
corpuscular  force  to  a  very  careful  attention  ^nd  study. 

304:  It  appeared  tb^t  the  distance  which  produces  pfay- 
rieal  contact  is  vanity  greater  than  that  in  which  ad-' 
hesion  and  capillary  attraction  are  exerted,  and  is  there* 
fore  vastly  greater  than  the  distance  at- which  thef  parti- 
>cles  6f  the  solid  bodies  cohere.'^  Consequently,  when  One 
Df  those  bodies  is  so  near  to  another  as  to  act  on  it,  the 
Hctions  of  many  particles  of-'the  one  on  many  particles  of 
the  other  are  combined;  Hence  we  derive  a  fundamental 
proposition. 

SOA.  The  mutual  action  of  two  solid  bodied  in  physie^ 
contact  is  always  in  the  direction  perpendicular  to  the 
common  plane  of  contact* 

Let  AB  Plate  III.  fig.  8.  be  the  Surface  of  a  ioUd  body,*  and 
let  us  suppose  that  the  cdrpuscular  force  actd  on  a  particle 
at  all  distances  that  do  not  exceed  a  certain  line  X.  i^t 
P  be  an  external  particle,  whose  distance  from  the  surface 
AB  is  less  than  X.  Let  OCDE  be  a  sphere  whose  centre 
is  in  the  particle  P,  and  whose  radius  is  equal  to  X.  It 
is  plain  that  a  part  CDE  of  this  sphere  is  occupied  by  the 
matter  of  the  body.  Every  particle,  therefore,  contained 
In  the  spherical  segment  CDE  acts  on  the  particle  P,  and 
it  18  not  acted  on  by  any  particle  that  is  beyond  the  $ar- 
face  of  this  sphere.  Now,  suppose  that  the  particle  F  re- 
J)els  P,  in  the  direction,  and  with  the  force  PH.  There 
is  another  particle  G,  similarly  situated  on  the  other  dide 
of  the  perpendicular  PD.  •  It  must  repel  P  in  the  direc- 
tion PI^  ai)d  the  measure  PI  of  this  force  must  be  equal 
to  PH,  because  the  distance  PG  is  equal  to  PF.  Th€ 
forces  PH  and  PI  eompose  a  force  PK,  the  direction  df 
which  mutt  evidently  be  perpendicular  to  the  surface 
AB. 

What  has  now  been  demonstrated  concerning  the  action 
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acted  upon ;  and  it  is  easilj  demonstrated  to  be  true  ivitk 
ic^pept  Uf^  ^M»?  cottipoiinde4  of  all  Uipse  actionsy  aod 
ther/efpre  the  propositipn  u  gi^ififf|t, 

Tiijp  i|ft«9Uv^  read^^  will  ^j^qijaft  *M  tkif  dffnopstra- 
tiop  ptq^pdlff  oi>  the  prr^  ^VfUty  <)f  ^|oi^  of  thp  pffr* 
tiiB^  P  flf^  Cr.  7M9  ^mv^^  ^t  pa  partide  socb  fu  F 
lyjU  ]l)e  &ivi^  wHMn  th»  flph^i€ri  «|Bg«nent  PPP  ifbi^ 
Imy  9<])t  •  coifpMion  ^^  swjJI^ly  ^ti^t^  on  the  ^tfa/fr 
^4^  ftf  1!)^  (i^qieiMlic^lpr  jpp  5  ^r,  in  ot^^pr  ^iror^s*  it  sp^ 
poaep  thfdt  ^1|  w^f^j^  tfej^  wfterj^  WgW^i^  w  ^pioogcBeT 
pjis.  7*if ,  i»  BWl«t  i>?  9^M,  canpot  be  a^med  iw^ffr 
sally.  But  the  sphere  of  this  particular  corpuscular  (ot^f 
irbicb  if  ()if  tmifi  fff  pliysjicfl  md  fen#|a  ciH>^cf»  «wi 
jmpylsi^,  is  fp  ^eat  hi  cQ9f)p^n^op  .with  tbe  nf^tiyal  d|^ 
tance  of  the  particles,  that  we  may  F^iic^pn  uppn  ^  ho^ 
pipgenfjty  of  tl^  segment  ffijt^Qt  th»  m}f  of  apy  sen^i^le 
^ror.  Tllfti?  will  b?  ^P^  irregi^larftty^  ^up  in  the  spy# 
fpt^epftl^/lOQOtb  or  fiOOOth  <^f  ^  inpb,  jiliuuin^be 
4^»i$ier4|[)l9 ;  and  th^e  ^^er^gp  paofipP  VtU  ftfe  to  ail  s^s^ 
fi^Brp|Bodic|iUr  tp  the  surfipf:^,  j|ist  -iub  gravity  i^  to  all 
|](erp€|ndioulfMr  to  Ithe  pi^face  qt  the  of  eafi,  ppl 
4hf  wp^tAias  aii4  .otheir  Kieguali^if s  wbic^  pfcmipji^  df ti- 
itioQf  and  inequaliM^  iv  oatural  gravi^ayn.  We  cim^ 
fiiot  disc^vjer  the  irn?gula^|tief  ip  the  <^€  ^filff  betpre  tff 
as  we  can  thot^  of  ff^viiy.  Yet  wp  f baU«  i|fter  ^hifi^  ofefst 
Ifith  sQuie  lostaQcef  pf  ihmi  whi(;h  cam^t  be  (iiBp^te^ 

906^  The  ^y^ipp  np^  is,  whe^r  this  thf^sptiqal  4e* 
4uct^n  firppi  oiAT  notions  of  .oprpuscpl^r  fuctipp  is  pgr^- 
i^hki  to  whi^  ipe  repUy  d^ry^.  |n  answer  tp  this,  it  ipiptl^ 
ibe  <4>f^ved  4hat  we  ci|ni\pt  ipake  |he  ex^ipuiatipp  ;«rit^ 
apfrfa  preci|u^n  as  wp  have  l^em  pccus toiped  to  in  oiyr 
AStrpnoiiiifal  difcptsippp.  Whcm  W/^  fQ(DoUc|ct  tl^t  tl^e 
aphere  of  fu^tipn  cannpt  grpptly  .?xpe^  t|ie  40pOth  part  pf 
pn  inch,  it  is  evident  that  we  may  be  mistaken  in  our  np^ 
4icn  bf  the  «ei^  position  of  ^he  cpi^uppn  pl^ne  of  .c<n4act 
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A'kankihf  ^  iiieqmlMjr^  tkM  we  etori^t  peheiyi  hf  thi 
kfk^  May  cbai^^e  the  {Misitloh  iii  tbe  point  of  ^oiitftcf  tin* 
Mlieed  by  uC  Btft  stilly  tfa6  ^xp^ri^nee  ifrhxch  we  bsiv^ 
if  this  'batter  is  itbaiidaiiilj  ilgr^elible  id  our  ^opositioiiy 
Slid  indeed  tttily  be  pronoililiM  acdiirately  sa  t  kno# 
mUkxkj^  tbftt  abe^^  this  mi^  dearly  (hati  ibe  riiotion  of 
thi  tob  eh  tfife  blHliard  tabfe.  Thus,  ^i^poAe  d  bdl  A 
fig.  9.  idifi^Slecl  iii  the  dir^i6ti  Aiz,  ind  that  anothtf 
MAX  B  li^  pATdy  in  \U  wfiy,  s6  thai  it  eanflot  pas«  with- 
md  sfrikiiig  it.  Silpffios^  that  in  the  instant  Of  cdntaet^ 
ihe  ^afie  C  ^  i^  the  eOdimoii  tiing«lfit  to  both  bi^II^.  Th« 
fatfll  B  will  noi  tiiote  in  a  dir^tion  pkrallel  to  A  <i,  but  k 
the  direction  Bi,  perpendicito  to  C^.  A  person  whd 
IttS  hutfkt  ^^n  th^  ketidn  6f  hMaiit  bilb  iii  cdlliiioh  will 
bfc  ftiudh  so^pri^  al;  sedng  \hlt  btf  I  t^e  a  dij>^tion  ^ 
ane^peded. 

'  In  like  inaniiclf ,  if  i  s^iiel  of  brills,  iut^h  aj  are  r^pre^ 
iettted  ill  fi^.  la  b^  ^I'uck  by  ii  btf  I  itioviiig  iii  th«  dire6- 
tioti  A  ft,  the  UM  ball  C  of  Ibe  tei^iet  will  be  drawiK  oA 
m  ft  dlteMion  G  c^  pir^ridit*tf la^  Id  the  pUde  D  ^  #bidl 
is  tbe  domiiioli  tfttigetlt  to  C  afld  tb6  ni^t  ball.  There  is 
gen^hilly,  bdi^ever^  a  iniall  delation  ftom  thfe  perpett-a^ 
di^ular  toviriird  th^  direction  of  the  diking  balL  Thul 
in  fig.  9.  Ibe  bull  B  docss  ildt  ttioie  exactly  in  the  per^ 
pendietthir  B  b,  but  in  II  direction  B  4»  a  littte  near^t  Id 
the  difeetioo  A  H.  But  tbls  is  owing  p^ly  to  lniperf<&cft 
elasticity,  and  partly  to  some  friction  by  which  the  ball 
A  dragi  a  little  into  lis  given  path  the  ball  which  it 
strikes.  But  in  very  elastic  itory  b&lk  this  d€iriati6to  il 
scarcely  iienslbl^. 

807.  Th^i-e  is  another  ihstatice,  in  which  the  gireiiiesl 
precision  in  the  direction  and  intensity  of  Ihe  force  is  iie« 
ccdMry  for  insurihg  the  intended  eflfeet,  and  where  th^ 
eoitipleie  success  shews  the  tittth  of  the  principle  ori 
which  the  ^irtist  proceeds.  This  is  in  tbe  construction  at 
tb6  pallets  of  a  clock  of*  WAtch.    Fig.  11^  represents  thd 
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pwing  wheel  of  a  clock,  urg^d  round  in  the  directidii 
X)£F  by  the  rest  of  the  wheeUwork.  It  is  preyented 
from  jcunning  round  by  the  point  of  the  tooth  A  stopping 
on  the  pallet.  This  point  pf  the  tooth  is  urged  forward 
in  the  direction  of  the  tangent  A«.  jk.  force  in  this  di- 
rection woui4  have  little  ten4ency  to  make  the  pallet  turn 
rounjl  its  centre  G.  But  its  action  on  (he  face  of  the 
pallet  being  ifi  the  direction.  A  a-  perpendicular  to  that 
$urfac^,  pushes  it  outward,  causing  it  to'tum  found  G. 
In  like  manner,  the. tooth  B,  moying  in  the  direction  B  fi^ 
|¥ould  have  np  tendency  to  make  the  pallet  turn  round 
fjt.  But  the  action  being  in  the  directipn  B  6,  has  a  pro* 
per  efficacy  fpr  this  purpose. 

MfiLfky  other  examples  may  be  had  in  the  construction 
<}f  machines.  It  piay  be  remarked  here,  that  there  is 
nothing  in  which  the  genius  and  sagacity  of  an  engineer 
is  more  certainly  seen  than  in  his  attention  to  this  maxim, 
and -there  is  no  article  of  practical  mechanics  that  is  more 
imperfectly  understood  by  professional  men.  It  is  most 
evident  that  ^  right  employment  of  this  proposition  is  of 
the  greatest  importance  in  all  machinery ;  for  it  is  by 
f>uch  mutual  contacts  and  pressures  that  all  theif  motions 
^nd  performances  are  effected.  The  proposition  is  by 
no  means  obvious,  und  the  practice  i^rhiph  it  prescribes  19 
frequently  the  mo^t  unlike  to  what  our  common  notions 
yrould  suggest  tp  us,  9s  in  the  tWP  exaipples  that  have 
been  given. 

-  3Q8,  This  proposition,  when  duly  employed,  makes  A 
grofit  change  in  the  manner  in  whiph  mechanical  problems 
have  been  treated.  Thus,  in  explaining  the  motion  of  a 
^pdy  which  is  impelled  in  the  direction  AB  (fig.  1^.)  by 
a  force  AB,  but  which  cannot  move  except  along  the 
solid  puth  AC,  the  usual  way  is  this.  The  force  AB  may 
be  resolved  into  a  force  AC,  in  the  dii^ection  which  the 
bpdy  can  really  take,  and  a  force  AD  perpendicular  ict 
thqt  direction*    This  last  force  neither  promotes  nor  op-; 
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poftiB  &e  mc^OB  in  the  direction  AC,  and  therefore  the 
bodj  moves  as  if  impelled  hj  AC  alone.  All  this  is  very 
just  in  abitraeiOf  and  the '  motion  is  truly  ascertained. 
But  it  is  not  a  narration  of -the  procedure  of  nature. 
There  is  no  such  resolution  of  forces,  but,  on  the  con- 
trary,  a  composition.  We  are  not  now  engaged  in  an 
•  abstract  proposition  of  dynamics,  but  in  some  natural 
questicm.  Why  cannot  the  body  move  in  the  directioa 
AB  ?  Because  it  is  hindered  by  a  solid  body,  on  which 
it  presses,  and  which  reacts  in  a  direction  perpendicular 
to  the  touching  surface.  The  motion  which  it  takes  is 
the  diagonal  of  a  parallelogram,  one  of  whose  sides  is  AB^ 
and  the,  other  has  the  direction  AE  perpendicular  to  the 
path  AC.  Therefore  draw  BC  perpendicular  to  AC,  and 
complete  the  parallelogram  ABCE,  of  which  AC  is  the 
diagonal,  and  the  expression  of  the  force  actually  com-* 
pounded  of  the  motive  force  AB,  and  the  reaction  AE 
really  exerted  by  the  path  in  the  point  A,  but  nowhere 
ehe.  The  compound  force  causes  the  body  to  move  along 
AC  without  any  more  pressure  on  the  path,  or  any  more 
reaction;  whereas  in  the  common  way  of  considering 
the  question,  the  resolution  of  the  force  is  supposed  con* 
tinual,  and  therefore  the  pressure  continual. 

We  shall  meet  with  many  cases  where  the  investigar  > 
tion  has  been  made  extremely  difficult  by  treating  it  in 
an  abstracted  manner,  whereas  it  would  have  been  ex* 
tremely  easy,  had  it  been  considered  as  nature  presents  it 
to  our  observation. 

309.  Having  thus  ascertained  the  direction  in  which 
an  external  atom,  corpuscle,  or  larger  mass  of  solid,  that 
is  firm  matter,  is  acted  on  by  another,  we  at  the  same 
time  learn^  the  direction  of  the  reaction  of  that  external 
body.  It  is  also  perpendicular  to  the  touching  surfaces. 
The  natural  consequence  of  this  information  seems  to  be, 
that  when  an  external  body  is  thus  ,  acted  on  (we  ^shall 


gti^pose  it  tipelleAy)  H  #ift  b«  tnftU  t6  tt6¥e'  bff  in  (6st 
dir6«ti6A.  Aecordfttg^  ^e  d^  it  ii6  iisip^lM,  ift  the  if^- 
»ktic^  df  Ae  MlIiaKtd  luirr.  Tli^e  i€em»  lidtMftg  mtii'^ 
nf^b^sSl^y  fof  €tp}a!iAitg  th^  Wbofhf  MRbct.  Trttkj  It  hai 
b^eft  pAerh^A  oMy  oft«  idisible  piolriit  oT  tkt  hdSf  thftt  Has 
been  so  ittii|i^l!fedr  But  lis  tbe  bi^dy  isf  ildiid,  lif^hrd,'  anfd  id 
i  iiidntiet  HUpenkifOAef  ttdi  ktipeH^d  pditit  cltAndt  id^V^ 
6ir  Withoift  ptf^MA^  an  tfie  rest  b^fdfe  it.  We  Hd  iiif 
SiitMty'm  i}a» ;  ihd  there  ie€iiki  nbthing  Mbh  wihi^ 
iifg.  , 

Burt  tber^  H  »  gtHH  deSl  yet  UneipUhieS.  On«  ^t 
tiete  oifiy  ha»  bjeSn'  i/tf(>^H«d;  i  aihUn  tbrte  sMBM^  fttf 
ihc^irig  imk  piHii^,  H6W  eoW^s  a  ration  td  h^  ^er^ 
^eif  ed  as  great  as  if  each  pifrdtl^  of  iiiti  tklAy  hdd  heiH 
separatefy  ^ded  6ft.  Th6  inerttt  6t  m  Mosl  t^iHtiU 
p'ai^flcle  minlt  be  bvercoMey  and  Iti  pilrticafth'  reittfdoM 
s^em^  to  be  eierted  Vj  ihe  stnglfe  fikrUde  itia^  hatar  rerfH^ 
beeii  itnpelled.  It  Hoiiii  s^efn  ihat  k  pttri  ot  ifH  ^hole 
force,  imphjkd  hd»  hkeii  somehow  p!^bplf^afted  tfarotirgb 
f he  substahc^e  ot  the  hnR  to  each  S£  iti  ^artiefeii,  dh&  als6 
that  the  reactiort  of  each  of  th6s^  ^rticfes  his  h^&k  jiro- 
psgated  backws'rds  to  the  p^trthil^  feaR^  atfie^  dii,  UttA 
that  all  thes^  Reactions  Kave  bien  eiert^df  hy  itfis*  ^ngl^ 
particl^. 

dui  I  do  not  tMnk  tlint  ii^e  caji  toncety^  fbtte  to  be  a 
t^tng  which  caii  be  tfaAsferr^d  in  ihis  mantier  ttoitt  dbk 
particfe  to  dnotfaer,  6r  Ae^Hi  almongf  the  diftetkot  ptfrt?- 
des  of  a  body,  as  salt  or  sugar  may  b^  ArSiiiiit  tli^^ft 
water.  Our  notion  of  the  nature  of  force  will  never  be 
Very  clear,  j^ut,  besides  this  obscorify,  we  iii  that  #hat 
has  been  hitbierto  said  wifl  not  ei^Iain  msTny  tiiFcuttr- 
stances  of  the  moti6n  produced  by  acting  oh  brS^  part 
only  of  g  solid  body.  In  some  eases  we  see  tbe  bnp^f^ 
body  move  straight  forward  in  the  dTi^ecHion  th^  W6  ex- 
pect ;  but  in  other  t&kei  it  lidt  only  go^s  fofwaf 9>  hnt 
tAsdr  turds  bi^i^ly  roand ;  ahd  a  pro^r  attention  i^iB  ihdf 
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iti  thfSi  iVH  (xMAtMkHl  df  ^g^Hive  tad  tbtnth^  tatU 
iMti  ii  teiaitkA  hf  hWk  ki  iMif  eti  ktif  iH  imiUtintii, 

lion  of  moving  forfze  is  regqlarij  modified. 

910.  TB^e  ii  nh  M^b  j^fij^gctlffng  fit  Mce.  "the 
ixhtt^  aUititih  <tf  HH^  Whote  Impell^  hbStf  H  ip  kimpii 
oT  ibfe  ^^tefteift^lf  of  mib  to^tiOkt  t6He4  #Hfe1i  cdif- 
iAR?t  tte  ffaitTeles  of  tm^hk  itfitte^.  If  ih^  a^jofl  6h 
^  pressure  has  been  great,  and  the  bddf  Ikt^^  itiH  df  ierf 
tkhOf^  fiUhth  VSttar^y  it^  (rfteii  HIS  that  it  li  M  atfl  fbo- 
it€ii  niAtftigh  lis  f^tfi^td  &re  i§  tifMetiOff  in  contact  al 
tk^  (lt0Hot}let  ht^  a^miSH  kiWi^  dt£  tlhnp\Ae]^  hf  thi 
ikxtk  ^IsHoti.  A  Moif  glt^  to  M  mu\  t^Stmikk  MVL 
bidbi:  it  mtt.  T&^  ^iah  Vtb^  gii^^cf  id  4  <;Mtfa  candid 
iti^tt  mi  ftlMVij  le^f 6  tUe  fbbt  of  it  #hCTe  it  wds,  «nd 
iHt  Btitlk  tflilj^  ii  ihticked  o#.  Wlr^  tMs  flffl^M^e  ?  virii/ 
Is  thfe  #d»t  left  VSbM  ?  Tfi)»r6  faai  b^  a  defidelicy  tff 
conif^Nil  fdA9.  A  UfeMp^  cb^d  Will  t#itch  idt^  rapid 
hitiiUh  i  Urge  hXA.  Bdt  it  W>  ^re  the  safarti  Mdd^n  tug 
hj  tdeiiH  of  ii  slfod^  thtedd,  #e  sliail  le^ihre  ftfe  bin  h^ 
maa,  Or  tb«  mrtaH  4riQ  be  Ufol^^ti.  ^&^h  eiib^pl^^  shetf 
ptkhy  dkMj  ha^  M  tUMlcffa  bf  tUi^  remote  i^arf  6t  ihh 
Vb&f  U  {fffb£tea,  hiiitkr  hy  pMbh^  6r  pnlfin^.  tt  ii  ihk 
pressftffe  df  the  laHp^Hidk  oT  thi  fdd  6'^  r8pe  <N^  iiioved 
thi  ti^l ,'  ifisK:  pfes^ilr^  il^as  brought  iritb  action  hf  stretch;, 
liig  tt^  rSf>e,  of-  cbfaniroysing  tficf  ^bd,  doMBt&ihg  dr^ 
tN«  \kd  pittihle  bai  6nk  of  the  rb[j^  ^  Illtle  #«^  ftditi  th& 
vefy  f^t,  Md  tfi«rerbi*e  hrHisght  intS  dcitdb,  tit  ^icited 
tli6  attMHtv^  fS^ci  Wbibli  »  Wfi^eiit  fA,  or  always  a6. 
coi»t^Mi^  tUfe  ^^ticie^  wMn  it  tlHtt  p^HMhr  Bhiaiick 
mia  i^V  dtB^r.  Whft  wd  thij  ^oihetBing  ?  It  i^a^ 
fhi«:  &ii  l^t  p&Hieie  but  two  ikni  dra^n  &f^ay  frbin  JE'e 
Hd  hiit  on^i  inA  ihei-^fUf e  ^^rkcted  H,  ithd  itew  H  a^wdf 
from  the  last. 

dl  I.  Ai  I  ^i-eiiind  it  to  bfe  o>lf  ^reat  importance  that 
^i  Bave  ^etf  diaf  hitS  ][)reci8e  hotioi»  of  the  ztitfutier  i& 
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which  the  sensible  forces  which  connect  the  p9rtic]es  pf 
matter  are,  brought  into  action  by  the  action  of  external 
forces,  I  shall  employ  a  little  time  in  endeavouring  ta 
render  it  plain. 

Let  a  g  (fig  13.)  be  a  single  row  of  cohering  atoms  Qr 
particles,  without  weight,  in  a  vertical  position,  and  at 
their  natural  unconstrained  distances  from  each  other. 
Also  let  M  be  a  material  horizontal  plane  in  physical 
contact  with  the  row  a  z. 

Now  let  the  uppermost  particle  a  recover  its  weight. 
It  cannot  remain  in  its  present  position,  because  it  has  no 
aupport.  For  we  supposed  the  particles  to  be  in  their 
natural  inactive  distances.  It  is  not  acted  on,  that  fs,  it 
is  not  supported  by  b.  It  must  therefore  descend  by  its 
gravity,  and  come  so  much  nearer  to  b  that  b  repels  it 
with  a  force  equal  to  its  weight,  a  is  now  supported.  But 
as  &  is  supposed  to  act  on  a,  a  acts  on  A,  and  pushes  it  from 
its  place  toward  c,  therefore  b  cannot  rest,  or  be  in  equili- 
brio,  till  it  is  as  much  repelled  by  c  as  by  a.  It  therefore 
comes  nearer  to  c,  and  is  followed  by  a.  But  when  c  in 
this  manner  repels  &,  enabling  it  to  support  a,  b  repels  c, 
pushing  it  nearer  to  J,  and  c  cannot  rest  till  it  is  as  near 
to  d  as  it  is  to  A.  But  d  is  acted  on  by  c  as  c  was  by  ft, 
and  is  made  to  approach  to  e  and  repel  it.  Without  re« 
peating  the  same  thing  of  every  particle,  it  is  evident  that 
all  the  particles,  from  6  to  M  inclusive,  will  be  brought 
so  much  nearer  to  one  another  that  their  mutual  repul« 
fiion  is  precisely  equal  to  the  weight  of  a,  and  the  last 
particle  z  acts  on  the  plane  M  with  the  same  force.  Thus 
the  plane  M  is  said  to  carry  the  weight  of  a.  But  this  is 
incorrect.  The  plane  sustains  a  pressure  equal  to  that 
weight ;  but  it  is  the  exerted  elasticity  or  repulsion  inhe* 
rent  in  z,  but  dormant,  till  excited  by  the  diminution  of 
its  distances.  *  i 

Now  let  b  become  heavy.  It  will  descend  and  conje 
still  nearer  to  c,  till  the  increase  of  c^s  repulsion  is  equal  - 
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to  the  weight  of  b^  and  the  whole  ^repulsion  exerted  hj  c 
is  equal  to  the  sum  of  the  weights  of  a  and  b.  b  is  now 
repelling  c  with  an  equal  force.  Therefore  c  must  ap» 
proach  d  till  their  mutual  repulsion  is  equal  to  the^  sum 
of  the  weights  of  a  and  b.  It  is  evident  that  an  equili« 
brium  will  not  be  established  over  the  whole  row  of  par* 
ticles  till  all  are  as  near  to  one  another  as  6  is  to  c.  z  wUl 
be  at  this  distance  from  M»  and  M  will  sustain  a  pressure 
equal  to  the  sum  of  (he  weights  of  a  and  b ;  a  pressure 
which  we  maj  call  S. 

Now  let  €  also  have  weight  Without  repeating  all 
.  that  ha9  been  said,  it  is  very  plain  that  the  equilibrium 
will  be  re-established  when  c  and  all  below  it  are  sp  near 
one  another  as  to  exert  a  repulsion  which  we  may  call  3, 
-and  M  sustain^  a  pressure  3.  (  still  presses  with  a  force  3, 
and  a  with  a  force  1. 

Prosecuting  the  examination  in  this  way,  it  is  obvious 
that  the  particles  will  be  compressed  so  much  the  more 
as  they  are  farther  dowH  in  the  row.  z  will  press  the 
plane  with  a  force  24',  y  will  press  on  z  with  a  force  23, 
X  will  press  y  with  a  force  92,  9kc.  &c.,  and  a  will  still 
press  with  the  force  1,  the  action  of  its  elasticity,  occa«» 
sLoned  by  its  heaviness.  We  are  warranted  to  ^say  so, 
because  we  know  that  all  tangible  matter  is  elastic,  and 
i^  actually  compressed  by  its  weight,  and  when  it  is  so 
compressed,  it  is  its  springyness,  and  not  its  weight,  that 
is  the  immediate  agent  in  this  pressure.  We  may  even 
doubt  (however  difficult  it  may  be  to  rid  ourselves  of  the 
influence  of  habits)  whether  a  would  press  at  all,  merely 
in  consequence  of  its  weight.  For  it  is  not,  surely,  from 
any  previous  knowledge  of  the  nature  of  matter  that  we 
believe  that  a  force  of  any  kind  can  be  transmitted 
through  a  piece  of  continuous  matter,  any  more  than 
through  empty  space.  We  have  abundant  evidence  that 
this  is  the  way  in  which  the  weight  of  bodies  is  felt  and 
supported.     We  see  that  when  substances  which  are  very 
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tdUtpreiSaOi  ifli  ^II«fcUfd  in  a  gtest  help,  tii^  Ibw^  jjbfi 
iiohs  afe  itiofe  .compacted  f&ah  wb^f  lifes  alioVe  tb^ns. 
THu^  cbiton  ^ool  or  shtefB  #d6l,  #heJi  hea{iM  r€rf 
M^»  ii  Ahich  eothpressed  at  the  Bottom.  W^  kho# 
ebUtihbn  air  is  in  a  rttf  compressed  st^te,  and  ptt^d  dH 
eierj  8tiuit^  inch  of.  the  cdhtaihing  ve^el  #iib  a  fttcci 
6f  nearly  Id  pbdfids.  Wb  6^11  this  the  ^^re  of  ih^ 
Smosphete.  Bdt  it  is  reaflj  the  ela^ieity  6f  ih^  idr 
|ocdisi6nM  indeed  by  its  heaviness)  thitt  is  ftekmng  otf 
the  vessel.  For,  by  shutting  the  cock  iri  the  upi^el*  part 
iff  the  vessel,  iD  tolmmunicatioA  #ith  the  atmofspb^re  is 
6ut  off.  Y^  thk  aiT'^i'esse^  lis  much  as  before,  dnd 
pressed  the  Hd  of  the  ressi!  vtp^krA  ks  tirach  as  K  presM 
the  bbttdtfi  do^ii^firdflf.  Thfcrefbr^  it  is  the  inhereirt 
ela^tidiy  8t  iht  air  that  presses,  and  ndt  the  weight  of 
the  atmosphere.  In  like  manner,  it-  is  the  itibireht  elili* 
mif  tir  f epul^Tfe'  forcfe  6f  the  particle  g  ihit  tfaift  pttises 
tik  the  plane  M» 
^12.  Uet^itig  thai  eipUInM  #h^  is  uittdUf  called  the 

{frbpkgMdn  of  a  de&d  pfessdrre,  I  appr^Kehd  thkt  if  #?II 
'e  ^kiy  to  conceive  hcNv  a  m6vin^  force  is  pro]^agkfed 
th^oiagh  a  cdbej^ehi  bddy.  W6  Uav6  H  siidiUr  ^xcifeMeAf 
ef  cM*f)iiseiOar  forces  produced  by  th6  coimpressiori  occa* 
iHdfled  in  one  pU*t  of  the  solid  nief^s,  by  thS  ^It^rnti  foitre 
kpp^eA  to  iUat  |JA:t.  lit  ihort,  this  excitement  t6ust  oB^ 
i&lii  ovtit  the  irhdle  cdrd,  bifor^  the  ball  can  be  fnoVed. 
The  model  (so  to  call  it)  whi^h  I  d^cribed  in  §  diO, 
#i(l  give  the  tiibst  dlstiiict  notion  of  this  general  excite-* 
ffrent  6f  ^dr6^,  Wlteiher  tbey  be  pressures  oir  tractions. 
Let  the  rod  or  fcord  be  represeht^d  by  a  single  tbw  of  little 
Balls  a,  fc,  c, — Zf  (tig.  14.)  cohnicied  by  screw  wrres.  At  ohfi 
^d  z  it  toAchcfs  ihk  body  M  nr hieh  I  would  piiih  ti#iy. 
I  prfess  on  the  dther  end  a.  This  forced  tb^  ball  a  $L  littM 
Ae^M  to  i,  dnfd  a  arid  b  riofir  ihepel  oiie  anothei*,'  md  b  ii 
^ihed  a  little  heai'et  to  c,  while  I  ddntihue  to  presd  d 
fbrWafd.    Thiis  c  is  repelled  by  bj  arid  moves  a  little 
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n$fff^T  t9  4i  n4  mf^  it.  TW»  «W  W  aU  the  Wisy  ^ 
iTy  which  U  io  cQptfpt  :vritb  the  ho^J  H  ■   This  will  n(^i  y iel4 

^1 1>F^^^  ^^^  f  c^^T^^'  fofc^*  TbU  force  cap  asdj  fyi 
had  in  the  elasticity  of  the  fpri^g  whjc^  cppj^cts  y  i^iplf 
f •  7)^8  sforifig  fnii9l  be  cpppre^ed :  ^be  oply  i^eaiia  for 
49^^g  thi$  i|  f/^  fompiref s  tl^  »pp^g  whfc^  unites  f  and  ^« 
T^b  must  obtain  ^e  wbple  .^^ay  jbetween  z  aofl  a.  All  thf^ 
fprlf^  mu4  bi^  ^^9i>  prot|ru3ive  force ;  jthe^'efgre,  al} 
n^jost  )^  tpffiffesiip^,  a^d  fn  tibis  sin^ple  pa^e,  ^1  mast  liii^ 
W«^j6'  WPPJ^ftcd.  If  #py  pf  them  bre.4^,  the  Iwwjy  M  is 
not  moved. 

In  lliis  fOQ^A  (lejt  m^  fitill  ca^  it  99)  fi^ere  i$  no  proper 
04jon  0^  A  fo^q?  origina^y  jn  ,^  to  th^  ifihex  en^  of  thip 
^er^fy  4Pr  ^7  propagation  )>ac|E.W4kr/4s  <^  the  rea^ctipn  gf 
the  body  to  b^  mpy.ed.  J^  is  ciTecte^  kj  ^  excite^en^ 
gi  (be  tA^9^i^y  fff  t)ie  springs,  ^  the  fCpinpriessio^  c^vsed 
ijKj  my  pressure  i«  ttte  occfsipq  for  ^biy  eiv:ii^.i93ept. 
The  Jppdy  A^'is  not  moyed  ^y  th<5  ffmw^  of  ipy  >iap.d 
F^PWW^fld  jtbf oygb  the  ino4el,  but  sq^ly  ^y  t^e  e|asti<#y 
Sif  tlie  .spring  ^  jbt.  My  hf^d  is  not  refitted  1^  t^e  i^rti^ 
pS  tbe  ^Mtdy  T^  ptopagat^e^  j^kif^u^d^  to  ^,  but  solely  by 
|]^e  je^asticUy  of  the  cQmpre^ed  spring  a.^. 

7)^  ni9d^  ^  f  mqr^  perfect  ^epre^ntatiojn  of  nature 

#(W  ye^  liPi^ll>7f?    ^^b  iitt(e  bfj,^  iff  which  it  consj^ 

may  represent  a  particle  of  matter.    W^  may  reiHipve  ]^ 

.^^ely.    In  i^m  c§|^,  the  9|)iri|ig  ^  ^  yfll  be  nQ  further 

.^tfffrmfi  tbfu^  f^ipes  f(y  editing  fin  ;elasticjty  abte 

^  DH^oye  the  p§i;ticle  jbt.    A  very  Mttle  WJV  ^ujQce  for 

^a.    jBi^t_t)ie  i^wg  ^^  j;nvst..be  twice  as  xauch  conjH 

pressed ;  it  must  be  compressed  as  much  as  ^  2:,  ia  order 

i»m9^Pafy  **4  ¥  »"<*  ^9^9  ^P  O^fler  tp  compress^  ar. 

{n  Ijiic^  mapm^>  the  spr^ig  to  «  m^  h^  th^eici^  as  much 

i;wipcesse4  ^y99  &94  ^e  spring  4?  n^  ^ou^t  Aie  fppr  times 

$s  ,9ii||<A^  ccMnpreffi^^ ;  m^  thfe  spimg .«  &  mu9^  bp  twenty- 

(piir  ^imy^  .a#  fiw;h.    I  ajiatt  feel  therefoi:?  a  reaction 

fi^fw4  49  f^M^  I  ^ul^  ^ye  £^t  had  J  i^Ued  mj  band 
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to  the  whole  S4  baDs,  and  had  urged  them  into  the  same 
motion.  But  this  is  not  the  reacti6n  of  each  ball  propa- 
gated backward,  but  solely  the  great  elasticity  of  the  spring 
a  b  occasioned  by  its  great  compression. 

313.  When  we  urge  a  soft  clay  ball  into  quick  motioh 
by  a  stroke,  or  by  the  continued  pressure  of  a  rod,  or  by 
a  spring,  without  striking  it,  we  always  obserye  that  it 
is  flattened  or  dimpled.  Thus,  if  a  strong  spring  be  coiled 
up  and  held  by  a  catch,  and  we  lay  a  clay  ball  on'  it,  and 
disengage  the  catch,  the  spring  unbends  and  draws  away 
the  ball.  If  it  fall  into  water  and  be  picked  up,  we  shall 
find  it  very  much  flattened  and  dimpled  by  the  spring ; 
so  much  the  more  as  the  unbending  of  the  spring  was 
more  rapid.  How  was  this  done  ?  The  ball  got  no  blow ; 
and  mere  lying  on  the  spring  did  not  dimple  it. 

This  will  be  still  more  sensibly  seen,  if  the  ball  be  impelled 
like  a  boy^'s  trap-ball.  The  trapstick  is  struck  at  A,  (Plate 
IV.  fig.l.)  and  motion  round  the  fulcrum  C  follows,  atkd  B  is 
drawn  oflf,  but  without  any  stroke ;  yet  B  is  just  as  mucb 
dimpled  as  if  the  blow  had  been  given  it  withoul  any  in- 
tervention. This  impulse  then  is  eifected  entirely  by  the 
same  repulsive  force  which  made  B  lie  o^  the  end  of  the 
trapstick  v^rthout  touching  it  We  have  no  evidence  that 
it  touched  it  when  drawn  off;  nay  though  it  may  have 
been  shattered  to  pieces. 

Remark  also  that  in  the  estample  mentioned  above  of  the 
bent  spring,  we  know  that  the  motion  was  impressed  on 
the  ball  by  insensible  degrees.  We  can  tell  the  velocity 
acquired  in  every  part  of  the  motion  till  it. quitted  the 
spring. 

gl4.  Thus  the  model  has  given  us  a  very  clear  notion 
of  the  procedure  of  nature ;  and  it  is  a  very  accurate  no- 
tion, and  nowise  misleads  us.  Nay,  I  must  now  say  that 
it  is  not  a  model,  but  a  real  example,  perfectly  similar  to 
the  putting  any  piece^of  solid  matter  in  motion.  For  idl 
solid  bodies  that  we  are  acquainted  with  have  some  elasti- 
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city,  and  mutual  pressures  are  exerted  all  over  tbem, 
whether  by  compression  or  dilatation.  If,  therefore,  we 
limit  our  inquiries  to  the  phenomena  of  the  existing  crea- 
tion of  God,  our  inforniation  is  correct  and  adequate. 

The  question  now  is,  whether  our  dynamicat  knowledge 
enables  us  to  establish  general  principles  which  may  suf- 
fice for  explaining  the  phenomena,  and  for  rendering  this 
knowledge  useful  by  increasing  our  power.  I  apprehend 
that  it  is,  and  that  in  this  investigation  we  shall  obtain 
much  help  from  Father  Boscovich'^s  manner  of  considering 
these  corpuscular  forces.  We  shall  thus  discover  some 
very  general  and  simple  laws  by  which  this  excitement  of 
corpuscular  force  is  regulated. 

A  very  evident  way  of  obtaining  this  knowledge "wrll  be 
to  inquire,  what  analogy  or  relation  there  is  between  the 
force  applidd  to  one  point  of  a  solid  body  and  the  force 
that  is  thereby  excited  in  another  point  of  the  body.  We 
shall  learn  this  again  by  discovering  what  external  force 
will  exactly  balance  the  force  thus  excited.  For  the 
force  excited  must  be  equal  to  this  external  force,  and 
must  be  in  the  opposite  direction. 

The  elementary  doctrines  on  this  subject  may  be  com- 
prehended in  the  following  [H*opositions. 

S15.  1^.  When  any  number  of  forces  are  in  equilibrid 
by  the  intervention  of  a  solid  body,  they  are  such  as 
would  be  in  equilibrio  if  they  were  all  acting  on  a  single 
atom. 

A  mass  of  solid  matter  may  be  the  means  of  setting 
two  or  more  forces,  such  as  pressures,  impulses,  or  mere 
solicitations,  to  motion,  in  seeming  opposition  to  one 
another.  That  is,  each  may  be  prevented  from  producing 
that  change  of  motion  in  the  body  which  it  would  have 
produced  had  the  other  forces  been  away.  This  is  called 
setting  the  forces  in  equilibrio  with  each  other,  and  the 
forces  are  then  said  to  balance  each  other.  But  it  would 
be  more  proper  to  say  that  the  body  is  iii  equilibria 


ffeijl  hojFWcr  is  l)}4  b  ^^Vt  9WP?^^m  flf  th^  force?. 

«iie  appH^  po  a^  ^»x^^  gmf^  if  ftw^^r  eau^i  foxcp  )^^ 
applied  Uf  tfe/P  WP9  pwf,  i»  Itfep  opj^sit^  aiflePlian,  all 
dwng^  fff  mfi^n  M  nr^veaJi^-  TUwfefe  ^kf^  tiro 
ipi^s  /Hre  WPM>  m^  np  cJuiiig?  i^  i»o^9  e^^H^y 
Vje  mHjt  cffoplucHe  Jtbat  Of^ifi  Hwo  ferw  /»r^  j^i^4  a^ 

In  »pplyM«g  ttiW  pt^ferY^tiptif  (q  ^b^  |»*eft${4  j}pef tiofi^ 
tlier^ore,  v^  iw»t  sitj  ^))^  ^ny  ppe  pf  Jji^  ^^r^a)  ftw??^ 
such  as  A»  P'f^te  ly.  ftg.  g.  19  W  eqiMlitrio,  mH  jK^k  ap<4i?ep 
Qf  tlie  e^teiBal  f^rpef  B,  )»|if  ffifik  ^epg^p«:ul»r  fo|rc?f 
which  connect  the  rest  of  th^  ko^j  wit)i  Ifoe  pOfitf  gr  )?i^ 
tl^  9Lifm  tp  vhicfr  A  M  appli^.  Jn  l^e  m^q^j^r^  e^ch  of 
thp  Qi^er  e^itern#l  (oj-cw  i?  ip  impoedifit^  ^D|liJ[)riQ,  ppjjr 
^ith  the  fpr^  ewrt^d  hf  the  pojiit  t^  vbich  it  U  applied^ 
irhich  forc^  w  th$  i^iorppsKuilar  foroe  cpone^tuiig  tb^t  p^rti? 
cl^  with  the  i^est  of  the  body*  Al^o  we  ipajr  jui j,  in  geo/^ 
ral)  tbat  the  fojooe  exerted  bj  any  one  of  those  parttcles  i» 
sot  i|  simple  Corce,  but  the  combined  action  ci  all  the  pw- 
tides  with  which  the  particle  acted  on  is  immediatffgf  con« 
nected.  This  p^fist  be  the  case  ninety-ntne  times  in  the 
hundred.  The  force  e^^erted  i^j  the  partide  acted  on  bj 
tbe  ei^terpal  &r/ce»  is  the  equivdent  of  all  those  immedi- 
ajlely  ^onn^ptipg  fgrces.  Nor  we  haye  seen  that  i^hen 
&r€^9  »re  thu«  fixfiiiei  in  ^isUnt  partsy  the  e^tement 
must  take  place  over  all  the  intervening  particles,  perhaps 

difti^ePtly  m  ef^ch.  We  have  supposed  all  the  fpi:ce9  to 
be  ij|  equ^ibrio.  Tbei^efor^  the  eqnilit^riMm  mmt  pbtain 
oyer  alL  For  if  any  partkle  be  not  in  eqviHbrip^  it  wifl 
pot  remain  in  its  present  siuif  tion,  contrary  to  our  suppo* 
yitioD  of  perfect  rest  oyer  aU#  The  eqiiiijbriuia  ther^oire 
is  general.  Now  consider  how  this  equiiibrium  is  pri^ 
duced.    ^very  partide  is  attracting  or  repelling  Us  ad-  4 

joining  particles,  and  is  e^psally  attracted  or  repelled  by 
them.    Therefore  the  whole  corpuscular  forces  are  made 
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tip  orp^ri^;  H^d  iiir  each  ISkir'tWtWo  forced' &re  equal 'and 

tippdsitc.  '      '     ''' '      '    *  •         '^      '     '       ' 

"*tt  is  fe^y^n^  fhiit  if' all  thesie  corpuscular  forces  were 
^j^ptted  i&  oniB'  point  they  Wb>uld'b6  in  equilibHo,  be- 
^SuVe-each  is  o'pj)6¥ed  by  Its  equal.  'But  it  has  beea'de- 
fefiionslrat^'thst  Vh^h  *a  dumber  of  forces,  *  acting  on  one 
{ibihtV*  a'l^e  in^eqdilibrio/  if  they'  b^'  divided  into  parcels, 
€h^  SqiAviileAtk  'df  ^tho^e  parceU  would  be  in  equilibrio  if 
fi^pif^'ff}  icft]6'{ioii)t.  Novv*^  tn  tRe  present'  case/  the  'forces 
k^tttiH  by^the  different  points  to  which  the  external  forces 
are  applied,  are  each  the  equivalents  of  parcels  of  the  cor- 
l^uscular*  forces  'exerted  alPover  the  body.  Therefore 
these  equivalents  would  be  in  equilibrio  if  all  were  apu 
ptiedto  on^^  |jbiilt.  But  each  of  Ihbse  equivalents  Is  equal ' 
and  oppositfe  to  the  eiflei^d*  forcfc  with'  v^hich  it  is  in  im- 
irfedfate  equilibrium.  Therefore  these  external  forces  are 
such'as'i^oiild  6e  in  equUibrio'  If  all  were  applied  to  one 
pbfnt.       •     •  ' 

''  Such  is  tht;  general  law^  Bht^  in  order  that 'this  may 
obtain,  iu  order  that  the  precise  forces  may  be  exerted 
wMch'^wiH 'produce  this  equilibrium^  the  body  will  assume 
certain  positions  or  attitudes  depending  on  the  direction 
dhd  Idthisity*  of  the  external  forces.  Those  conditions 
Will  come  into  view  by  considering  some' of  the  most  sim« 
•pie  cases  of  this  gyhei'al  law.  '  .  .   •     ^     •     • 

'Sift  *A?lf  tK6  bbdy'be  U  equilibrio  between  two  ex- 
ternal foi^j^^,*  they  are  equal  and  opposite,  and  the  lij[ie 
joinittg^the  poinrts  df  \heii'  appKeation  coi&cides  with  the 
iShe  of  dtr^tion  in  which' t)ie  forces  are  exerted. " 

^  Sdpr]k9^^'the  point  of  ^  bddy  Plate  IV.  fig.  3.  to  be  urged 
by  a 'Tdr^ce  Vhosi»  lAten^ity  aAd  direction  is  represented 
by  a  Jl,  Whili  the  point  h  is  urged  by  a  force  whose  intensity 
is  represented  by  h  B,  equal  to  a  A^  and  whose  direction 
is  opposite  to  a  A ;  so  that  h  B  either  coincides  with  a  A 
or  is  parallel  to  it.    It  is  plain  that  those  two  forces  would 
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be  in  equilibrio  if  applied  to  one  point,  because  they  are 
equal  and  opposite.  But  the  body  will  not  be  in  equili*^ 
brio,  unless  the  line  a  b  between  the  points  of  application 
coincide  with  the  production  of  A  a  or  B  ft.  For,  when 
these  two  iovc^s  act,  the  point  a  is  urged  in  the  direction 
a  A.  But  it  is  withheld  by  the  corpuscular  forces  exerted 
between  a  and  ft,  acting  in  the  direction  a  ft.  Therefore 
the  point  a,  being  urged  both  in  the  direction  a  A  and  in 
the  direction  aft,  tends  to  move  in  some  intermediate  di- 
srection^  a  C.  For  the  same  reason,  the  point  ft  will  move 
in  some  intermediate  direction  ft  E.  The  body  will  there- 
fore change  its  position.  That  is,  it  is  not  in  equili- 
brio. 

But  if,  as  in  iig.  8.  the  lines  A  a,  aft,  ftB,  form  one 
straight  line,  it  is  evident  dikt  there  will  be  no  such 
motion  of  the  points  a  and  ft.  For  a,  being  urged  in  the 
direction  a  A,  and  withheld  in  the  opposite  direction  aft, 
and  the  force  urging  it  in  the  direction  a  ft  being  equal  to 
that  urging  it  in  the  direction  a  A,  the  point  a  is  in  equi- 
librio. In  the  same  manner,  ft  is  in  equilibrio.  The 
•body  will  therefore  be  in  perfect  equilibrio  between  these 
two  forces. 

It  is  easy  to  see  that  in  the  first  case,  where  the  body 
was  not  in  equilibrio,  the  motions  of  a  and  ft  tend  to  dimi- 
nish the  inclination  of  the  line  aft  to  the  direction  of  the 
forces,  and  would  soon  bring  it  into  that  direction,  and 
then  the  body  would  be  in  equilibrio  between  them. 

Thus  then  it  is  one  condition- for  the  equilibrium  of 
two  forces,  that  their  line  of  direction  shall  coincide  with 
the  line  joining  the  points  to  which  they  are  applied. 
When  this  obtains,  it  is  indifferent  to  what  point  of  this 
line  they  are  applied.  The  force  ft  B  may  be  applied  at 
ft,  or  f,  or^,  &c.     This  is  an  important  circumstance. 

3d.  When  a  body  is  in  equilibrio  between  three  forces, 
then 

317.  (a)  The  directions  of  these  three  forces  lie  in  one 


-plane.    For  this  condition  is  necessary  for  their  equili- 
brium if  applied  to  one  point,     ^ee  Dynamics. 

318.  (b)  The  intensities  of  these  forces  are  proportional 
lo  the  sides  of  a  triangle  or  parallelogram  which  have  the 
same  direction.  For  this  also  is  necessary  for  their  equi- 
librium in  one  point. 

319.  (c)  If  three  fortes  arie  set  in  equilibrio  by  being 
iftpplied  to  three  different  points  of  a  rigid  body,  all  tbei^ 
direction^  meet  in  one  point,  or  they  are  all  parallel ;  and 
any  dne  of  the  forces  is  to  any  other  of  thenl  reci[lrocaIly 
as  the  perpendiculars  drawn  16  their  directions  from  th% 
point  to  which  the  remaining  third  external  force  is  afK 
jplied. 

Let  the  three  forces,  acting  in  the  direirtions  AD,  BE^ 
CF,  fig.  4.  be  a]iplied  to  the  points  A,  B,  and  C,  of  a 
rigid  body.  Let  their  intensities  be  represented  by  the 
length  of  these  lides.  Then  it  is  to  be  proved  that  thes^ 
directions  either  meet  in  dile  point  T;  6r  that  they  are  pa^ 
raliel:  Also,  if  CG  and  CH  be  perpendicular  to  AD  and 
BE,  wfe  shall  have  AD  :  BE  =  CH :  CG. 

If  the  directions  AD  and  BE  are  not  parallel,  let  them 
meet  In  T.  Join  CT,<and  draw  C«  parallel  to  AD,  and 
C  A  to  BE. 

Since  we  suppose  these  forces  in  equilibrio  by  tbe  Inters 
tention  of  the  rigid  body,  they  are  $uch  as  would  balance 
if  applied  to  one  point  with  the  Same  directions  and  intend 
f  ities.  Now  the  directions  C  «  and  C  /s  are  the  same  witll- 
AD  and  BE,  atd  the  figure  C  «  T  /?  is  d  parallelogram^ 
and  the  forces  AD  and  BE  are  in  the  tame  projMrtion  as 
the  sides  C  «  and  C  fiy  and  the  third  CF  is  as  CT,  and  has 
that  direction,  becaiise  a  force  equal  and  Opposite  to  CT 
Irould,  if  applied  at  C^  balancfe  the  forces  .C«  and  C  fi. 
Therefore  the  direction  of  the  'force  applied  at  C  passes 
through  the  intersection  T  of  the  other  tW6  directions. 
Hence  the  first  part  of  the  proposition  is  demon- 
strated.        "^ 
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the  parallel  ?  ^  i^p4 1X»  the  mgk^  Qfi  (li«n4  C  •  ^.a^p 
ifgmal..  ,$0  afe>he,  r^ht  ffi^lei  at  G  and  Q.  ;  Therefore 
t|ie  triangles  C/sG  and  C«H  are  aimilar,  and  C«:C  fi^ 
CIJj  gG,  .ftit  g.^ ;  P./J^^dJ>:rtBE, .  The^efwre^w^^ve 
ADi  BE  =  CH :  CG.  m  x     ..  -  ui .  a 

4.  §«c^A^I*iPW9f  that  may.  l?^4e4^ced  frqm  i|  gcpgral 
P5PP<Ml>«op  IAi4jW«c9..  .jBltf  .i$  will.grearty  <X)n4Mcp  tp 
•il^ttff  ^9$qStio^.<f  ihe,,^«jiQ|iJf  iwilEi  jnty*  Oipdw^Hr 
ttk  ^e,  if  we  trace  the  operation  of  the  corpuscular  con^ 
necking  forces  bj^^which^thiB  equttibrium  is  immediaUfy  ^ 

320.  It  is  evident  that  by  the  joint  action  of  the  (fir-9^ 

ft»e8*.§St*B!g,M-,tf»e^dir«ti^.,Aft  «ri  9B^  W  ^^  of 
CPoac;t;iigin,theKopiiw}te.<Jv^tion  ,tp  (h$8r .qqivv;alept» 

*fcc  fffiqfe  Ci  iS;^f#Tirij<pw|y  frope  th^ Jine  AB.  TiW  l>pdy 
«sW  Ih^iSt^etet^yb^TOeo  ftail4,t|ie  lin^A]?,  J^ut}betw^J) 
A  and  B  there  i^  i^^egi^  Qf  ,;^^fipqpTeBsifmf,^  lQ4s  sp^e  qf 
UlJPff^Y^y  «ivwh.€«^eii>^|k  wlyit  ,it  wc^ld  ^,  if  CA  and 
CB  were  two  thre/uls, ,  co^n^cti^g  Q^withA  and  f?ith  B, 
and  havjng  ai8len4e|'  rod 'of  wire  ABto  keep^hofe  two 
RWt»ia«uader,,j.  Xt^  K  qilite  plain  lh^t,jf  llie.My  w?re 
pulled  at  C  by  a  thread  CF,  and  at  A  by  a  thread  A*^ 

W*..»t»R  hy»  {h«i.t<M^.5X4ithp«P  %wM  Rpu^^  havefhe 
4JOPcU9tfl,of|,tbfi  .fprce?.^  Nq^^tbis,  ?pul4  i^t  be  unJ(E^ 
^(^^\^9!KfiAQXni^  9pUd.ff9tl^bet?F«e»^»d,3,  keefJLng 
ti)e^tk«9(ka9iuv]fif.  ..The  th^eiMlft  CA,  .CB,.ajc^.rtret.9h^^ 
Vid  i|)«.rqd  ABJ%pompre$9ed.  We  noay  perhaps  popipei^^e 
tba.i9J«pirt.inftchanifip^iilJ>^ti;er  JC^re^siqippse  ^ph  of 
th9  lioes  CA>  P^K-and  ABr  J^9  fee  spiral  yire?,,  twiste4 
lik^  iCpr^TScrft^*^  s^fhrn  thft forces puHj»t  tbift  elasliic^tri- 
^ngl^Jt  isfvident  that  ^h*^  spirits  CA»  a^d  CB  w^.bf 
stf$ltch^  A  little  bfyi^nd  tbey  qfitur^l  di<9pn#ions^  apf[§f|e 
therefore  exerting  contractile  forces.  But  AB  is  compres* 
aed  into  smaller  bulk,  and  is  therefore  exerting  expansive 
or  protrusive  forces. 
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Instead  of  thus  ^iiUing  ArB^miCt  in  the  directifiap 
AD,  BE,  and  CF,  we  maj  suppose  them  pushed  in  the 
opposite  ^dii^otions  DA,»  Bft,  and  FC?  'In  'this  c&e^^ 
should  find  CA  and  CB  in^a^-^atflfFof  ecnn^ression,  *atfd 
AB  on  the  %tl*etdl.  It '  uiay  e¥en  ha{^en  that  aH  *  the 
three  lines  are  stretched,  i$r  tfll' three  compressed:'  This 
happens  wheti  the''  directitfn  DA  or  £B  divides  the'  inti^ 
rior  angle  ofXhe 'Crilaiigie/  We  always  have  one  diree^ 
tion,  such  as^CF,  which  does  so.  The  other  two  direc-> 
Cions  AD  and  BE  either  (as  in  this  figure)  Hbdtb'  dMde 
the  externat  kn^les*  C AK  and  CBN,  or  both  divide  the 
totexteal  angle9.  A  little  atfetiti^e^oRsideftittoif  will  make 
this  very  evident,  but  it  requiresmany  words.  ^  --'-*  *« 
» -  A- force-oaohot  be  immediately  balanbed  except^i3^an 
equal  and  opposite  force  appliedUo  the  same  point  The 
forcfc  GFdoer«ot  ilhraediatelf  balance  the  fo^ft^^AD  and 
BE,  t>ti^  air  e^ual  and  oppoalRe  fdrte^R:  ^This  fortt 
GAr 'arises  fr6m  the  rtofhbiit^d  idstibh  of  Hbexontl*actil6 
farces -dF*  the  threads*  CA  Aid  CB.  it*  is  their  equivalent 
wresuktng  Mfce.  CRnf  tb^refohe  thedia^al  orA)mfc 
piiralleldgfaih  GPRQ,  of»  whi^h  the  sideCP  is  to'^he  ktde 
eQ'HM  th6  c6ntractile  force  exited  ilottg  CB.'  'In  Kke 
oMnner,  ^4fae  force  AD  is  in  Immediate'  eqililibrionl^  with 
thecontractiie'ferce'of  6A,'  ahd-tfa^  prdtmsiveor  i^pafl^ 
si ve  r^fce  df  AB?  The  (orce  Ah  mifst  U  the  diagonal 
of  some  parallelogram,  whose  sides  have  the  dif et!tions 
AC  and  BA,  that  is^*  of  ihe  paitlldo^amAKLI^'lYid, 
lastly,  BE  is  immediately  balanced  'by*  its  equal  -tfnd  op- 
poMteBO,^<he  diiigojfial  of  the -pdr&UelO^m  BNOM,  of 
wblfth  ono^side'BM'  is  <t!fe/canirlk€tile  forc^'ofOB,  tod  the 
other  BN  is  the  protanmwh  force  of  AB.  i    ^  ^ 

•  Now/'^sinee  evefy  *act4on  is  accompanied  by  ^n  equal 
and'  tfobtrar^  reactitfH,  it  IbHo^vs  that  AI  =  CP,  and 
JBM  :^  GQ,  end  AK'sr  BN-.     '*         *    '  .    ^       t   • 

-  92l.'DraW  GS  perpendictito  t6  AQ.  Theif,  because 
in 'any  tfiangl^^  tbefeide^are  as  the  sines  of  the  opposite 


S26  OOBPtJSCULAR  AcnoM. 

angles,  we  have  AL :  LI  ^  sin.  AIL  :  sin.  LAI^  s:  sin. 
CAB :  sin.  CAG.     But,  making  CA  the  radius,  it  is  plain 
that  CS  is  the  sine  of  the  angle  CAB,  and  CG  is  the  sine 
6f  the  angle  CAG.    Therefore 
we  have  AL  :  LI  sc  CS  :  CG 

and  also  MO,  or  LI  :  BO  =  CH  :  CS 

therefore  AL  :  BO  =  CH :  CG 

consequentlj  AD :  BE  =  CH :  CG 

Q.  £.  d 
*■    Thus  have  we  demonstrated  the  proportion  between 
*  the  forces  applied  at  A  and  B.    We  should  have  the  same 
determination  for  the  ratio  AD :  CF,  or  of  BE :  CF,  bj 
the  same  mode  of  procedure. 

It  remains  to  demonstrate,  hj  tracing  the  operation  of 
the  excited  corpuscular  forces,  that  the  three  lines  FC, 
AD,  and  BE,  intersect  in  one  point  T.  Therefore  draw 
P  a  and  Q  b  parallel  to  AS,  meeting  C  «  in  a,  and  C  ^  in 
i,  and  join  a  R  and  b  R.  The  figure  C  a  R  &  is  a  paral- 
lelogram. For,  since  CP  and  CQ  are  respectively  equal 
to  AI  and  BM,  the  triangles  LEA  and  CP  a  are  similar 
and  equal.  So  are  the  triangles  PaR  and  MOB.  So 
are  CQ  b  and  ONB ;  and  so  are  Q  &  R  and  ILA.  There- 
lore  C  a  and  b  R  being,  each  of  them,  equal  and  parallel 
to  LA,  are  equal  and  parallel,  and  therefore  C  b  and  a  R 
ate  also  equal  and  parallel,  and  the  figure  C  a  R  Ms  a 
parallelogram. 

Thus  we  see  that  CR  is  not  only  the  diagonal  of  the 
parallelogram  CQRP,  and  the  equivalent  of  the  two  con- 
tractile forces  CP  and  CQ,  excited  in  the  solid  matter  of 
the  body,  but  that  it  is  also  the  diagonal  of  the  parallelo- 
gram C  a  R  6,  and  the  equivalent  of  the  forces  C  a  and 
C  6,  which  are  parallel  and  equal  to  LA  and  OB,  or  to 
AD  and  B£,  the  external  forces.  We  see  that  although 
it  is  not  in  immediate  equilibrium  with  those  two  forces, 
it  would  be  in  equilibrio  with  them,  were  they  applied  at 
C.    Moreover^  since  we  know  that  AD :  BE  =  €)•;€/>> 

V    .  .  ....  J 
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we  have  Ca:C&=:C«:CiS,  snd  therefore  the  .twcf  si- 
milar parallelograms  CaRb  and  C  ^  T  /s  are  about  the 
same  diameter ;  that  is,  the  direction  CR,  or  FC,  coin- 
cides with  CT,  that  is,  it  passes  through  the  intersection 
of  the  directions  AD  and  BE. 

The  force  CF  remotely  balances  the  forces  AD  and  BE, 
by  exciting  the  contractile  forces  AI  and  BM,  or  CP  and 
CQ,  the  equivalent  of  which,  viz.  CR,  it  balances  imme- 
diately, while  the  expansive  forces  AK  and  BN  balance 
one  another. 

The  illustration  by  means  of  the  threads  CA  and  CB 
tad  the  rod  AB,  by  whicjb  the  threads  are  kept  apart,  is 
quite  accurate,  and  gives  us  very  just  and  adequate  no- 
tions of  the  unperceived  corpuscular  action  by  which  the 
ostensible  balance  is  effected. 

It  must  also  be  noted,  that  the  demonstration  would 
have  been  precisely  the  same,  to  whatever  points  of  the 
lines  AT  and  BT  the  same  forces  had  been  applied  in  the 
same  directions.  Even  at  the  point  T  or  beyond  it,  the 
three  forces  would  still  have  balanced  each  other.  We 
shall  always  have  the  same  equality  and  reciprocity  of 
forces  between  the  connected  points ;  and  this  will  always 
give  the  same  form  to  the  parallelogram  C  «  T  /s.  The 
form  of  the  triangle  ABC  is  altogether  indifferent. 

This  confirms,  in  an  unquestionable  manner,  what  was 
affirmed  in  dynamics,  and  is  assumed  by  Sir  Isaac  Newton 
in  hisvsecond  Corollary  from  the  Laws  of  Motion.  Some 
mathematicians  say  that  he  has  done  this  without  sufficient 
authority,  and  that  it  should  not  have  been  assumed,  but 
demonstrated.  This  is  done  here,  on  the  authority  of 
the  third  law  of  motion.  Nothing  else  has  been  as- 
sumed. 

323*  It  is  scarcely  necessary  to  repeat  this  discussion 
for  the  case  where  the  two  forces  AD  and  BE  do  not  in- 
tersect^ being  parallel.     For  it  is  evident  that^  in^  thia 
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case,  the  third  force  CF  must  be  parallel  to  the  other  two, 
and  must  be  equal  to  this  sum^  or^to  their  difierence,  a(>- 
cordin^  as  Jhe  fyrpes  ^^an^fiE  actjn  tl^^^sa^iy  q/c.^i^ 
og^osite  directions,  ^For^this  must^b^.^)ie  ^je^^when  ^U 
act  on  one  point.   'Then,  as  ^o  Uje  g^i^orJj^n^of^^Ap,^^ 

?.5l  >.^?  V;rS«fe?Mo">  PIK?W  t}|e,|ame  yifh  tjig  fjre. 
going ,  there  will  be  the  same  exjitpnaieiit.f)/  .59,9 tr^ti]^ 
%^^«.4^a.^A.?M»,?P4  of  .e^eansive, forces  A.^^.^^id.  BN, 
Vi^A^  »*f?l^  ViM^f  Je  »nal9gj.AI< :  .fipj=  QH  :,C(^-.,  .„ 
There  is  however  a  peculiar  simplicity  in.t)ii8^,f^e^Qf 
parallel  fprceS|^,^which  i|  yeij  cp^veqient  cjQ^/iumbierless 
occasions ;  for  which  reason  i(;  is  generally  adyisab]e^  tg 
'  reduce  ^ali  other  cases  to  fhiS)^|)j  rfsolyug^  q|ph  f]|)f'ce  into 
9^**e.r??.pa'"all^l  .to.cert5m^lin^\prpperI^,.fheff^  ^-^l^ 
simplicity  arises  from  this  circumsti^SCFt  ti^.M  t^^  }^^ 
CH  and  CG  make  o?je,strajght  Ivne^  ^j  i^  %  6.^  And, 
because  CF  is  also  parallel,  it  fpllowf  \\i^\  tl]e  fprc^;  a^^ 
and  B  are  inversely  as  jthe  portions  ^of  jny  lifie  PCQ«  or 
4^lY».0T.^XT,.interfep>ed  iet^ween  tjie  pv^ll^lft,,  %k^ti 
is,  AD  :  BE  =  CH  :  C(J,  =.gft.:.CE,  ,:^  R,V  :  BA,  =? 
3^B :  XT.    Jn  like  pann?r  Ap.;  CJB:.=:^B2^  r^B,?;  =  QQ^ 

QP,  &C.  &p.       .      .   i        ,  ».      V.      .      :       ..      N         t  >.      ^ 

;323..'Alap  Ar|"j  B]E;'=  JX  ;,AJl,  by.^iwwg  pprp«p. 
diculars,  not  from  C  on  the  directions  AD  and  BE,  but 
-  from  A  and  B  op  tl\^ .  dir(e<;^on  FQ,  y^iis  .M  «pecHli§rly 
convenient  op  pianyocca^ns,;  ^,..  ,  .  .^,i  .  ,a  >a  ... 
324.  We  now  see  (.hat  |tis..P9^  epougji  /o^  iff sm*ii\g  the 
equilibrium  of  thrf  e  e;:fXpx^fl\  forces,  by  the  intervention 
of  a^poli4  body,  that  they.Jbaye  .9Wb.riiriBqtiop^,«pdj>rqr 
pprtions  as  would  fnak^,:(|)em  }>^a|yfc?  wJien.§ctiAg.Q9*Qll? 
atom.  If  the  body  be  ?t^  perfect  Ubefty^  tI\i3.Ji>aIaA(^  iqrj.U 
be  effected,  but  the  body  will  generally  move  and  a^^pq^ 
a  particular  attitudcj^  (allow  me  ^o  to.callJt)»  suq]).  that 
the  perpendiculars  drawn  from  one  of  the  points  of  itpplir 
cation  on  the  directipns  of  tlie  forces  ACtjnff  ^n  the.otb^r 
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two  points,  are  reciprocally  proportional  to  the  intensitjcai 
of  those  forces.  In  any  other  attitude  of  the  hoiy,  the 
^r^s^^re jMzri;^,^ n^0|jred>in^€hangiiia.4af^wil).  fppeftf*  bjQ 
Vt^W)  %R?pi^W9  ^  ¥t"PlW»iof  thfiJ^o^y a^Wg^the? 
^o^^  Th^s.,fif park^  1^,  thip  disVflctyjn.^tweeij  atti^ 
t.?llP  9nilisitugJ^ogL,i^;po^}tiflR,3wiU  iH^fo^i  \fi^  jn^pqi^ 
tfti^tj^Oui:  «;§ief,4:(¥i9era,#t  pfjjsept^^t^  q^taip  A%  WO? 
pfljt^n^of  tjiSi^lapciRg  fofcesv  pnd  ^vfiv.VWs  waij^xe^ 
quired,  in  order  to  learn  the  laf^  whicl\^reg))l^teatl^e  i^ 
cil^xn^qt  C(f  the  c0rpu§cu)lftr  iprt^s.  ^^f  <^9^i°g!j»-  wefaave 
learned  tjie  magnitude  of  the  forcei.e^cite<)  ^^^  fig.  Af 
bj;,tjbs  apj^i(^ti9B  of  t^A-fQirce  AD  ^  An  *IJ|^5  jTorpe  e;x* 
^^rtajB,j»  eyidept^^Q,  ai^.we^di^^^  l^is.pr^ctii, 

VlffePP  i?  ^wVi^n^  oBpo^it^^o  ^his  ffvf^  ^E;^.  ,  , . ,  ,. 
;  i9??-u^^.WPD^  prqcp^d  Dji^chcftft|MJr,frithovt*i*ii« 
»9fB?i^Hse-flt.^%^JWi#fti»t^>^"jJ«'^>^  by  the 

actJQftjof , wt«H:na|*:fti>»P*  -,'WAiW  tfciwigBi  ^rQ  19  tbi%,»$at% 
qf;,^ui|ljbfii|^op^; ^ppAs^aA^  sc|mft;,tMldiypn,4%«aa4e<ta 
ijl^  fercf  AD,.gggf  i>  i^ijl  no  ^upger  Jialanfie,AX-*  ^  ihf^ 

p^nt.^fflpstjie  M^g^4  i^l4#nM«t  i^v%  tewr^s  gp,.„  TCli# 

P^nt.ft^aUqfWiJl  shiffe ijft  plfv^e*. .  TJie,forqft,CKi9>i¥*  alsQ 
bftisppppsp^  4^0  J^fWer  ^qwck^cVnge,  tthfiit,  }^  jQfiay  ag«%^ 
lj§lfW§ AlJ^awl  Bf!^i  Prt;jve  doxnot|atb4)«e|tB4;^Ueo4 
flQ^  pajrUcijtef  ly,  t^  ,tte  )C%«|)diJiiQ|i  iftf^  th%t  ^ijit  ;♦.  ^d  j?ft 
^WfimppoH  i|»^Vlloed  M)^itsij>laf^  by  ^  ^fn^^^tont  fi»mk 
Xke,  \^7i  J^M^^s,Uif§  a^^ w . attjitud§,  ^  tire  4(9^  na4 
8lippo?e,  j^hfjdire^jtv^W  o5>A9  <*i»4  W.  te  i«h#Pg«jiitl» 
«»g)e  /JtOrtPf  Wil  :thft|OpRpsitj?.jang|e,  T^f  ^he  ,par^UeU^ 
gr^rn.  Jft^iq?  At?  ?»g»itude,  ^Bul,  itMyjII J>e  diflfei^ntlj? 
divided  by  CT.  For  it  may  be  remarked.^h|^iCT|  being 
t^kep  as.raiiJAus,r.CI^.and  tp^arert^isinep'Of  th^  angles 
CTB  and  CTA.  Therefore,  as  we  suppose^.th^  ftvroft 
APjto  .bjB_ftiyjmente4,j  ]|JS  r^foanagipg  tjie;  sami?,r.«the 
riitio,of  CH.  to  QG  musj  ^Pc^eai^^bfy^Pmrtbie  j^$f^ 
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CTA  must  diminish  and  CTB  must  increase;  the  line 
CT  shifting  towards  that  side  on  which  B  is.  Hence 
we  see  that  increasing  AD  tends  to  give  the  body  a 
sort  of  rotative  motion  round  C  in  one  direction;  and 
that  augmenting  BE  will  tend  to  produce  a  rotative 
motion  round  C  in  the  contrary  direction.  In  short, 
the  body  must  again  assume  such  an  attitude,  that  the 
perpendiculars  CH  and  C6  are  again  proportional  to  the 
forces  applied  at  A  and  B. 

S26.  Since  we  h^ve  AD  :  BE  =  CH  :  CG,  we  have 
ADxCG=:BExCH;  that  is,  when  the  equilibrium 
obtains  which  ascertains  the  ratio  of  the  excited  forces, 
we  have  the  rectangles  or  products  of  the  forces  by  their 
perpendicular  distances  from  C  in  the  ratio  of  equality. 
This  equation  may  be  conceived  as  indicating  an  equality 
of  energy  or  momentum  for  turning  the  body  round  the 
point  C,  for  such  rotation  happens  immediately,  if  either 
of  the  forces  AD  and  BE  be  increased  or  diminished. 
This  way  of  considering  the  subject,  is  not  our  chief  ob- 
ject at  present,  but  it  will  be  useful  to  keep  it  in  mind. 
We  may  express  it  more  briefly  by  making  a  represent 
the  perpendicular  from  c  on  the  direction  of  the  force  ap- 
plied at  A,  and  b  the  perpendicular  on  the  direction  of  the 
force  applied  at  B.  .  This  gives  the  equivalent  equation 
ADxa=B£xft.  Till  this  be  accomplished,  we  have 
BO  method  of  ascertaining  the  force  exerted  in  the  differ- 
ent parts.  We  know  however,  (and  it  is  of  importance 
to  have  it  familiarly  in  our  recollection)  that  while  this 
body  is  changing  its  attitude,  the  force  exerted  in  every 
particle,  is  precisely  competent  to  the  motion  which  is 
there  produced. 

We  have  seen,  that  when  a  mass  of  rigid  matter,  or  at 
it  ifr  usually  denominated,  a  solid  body^  is  the  interm^ 
dium  by.  which  three  forces  are  made  to  balance  one  an- 
ottier^  their  directio^gaeet  in  one  point.    Hence  it  foU 
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lows  that  these  directions  are  in  one  plane,  namely,  the 
plane  of  the  triangle  ABOl  Three  forces  may  have  their 
directions  meeting  in  one  point,  and  yet  may  be  in  dif* 
ferent  planes,  as  when  they  meet  in  the  vertex  D  of  the 
tetrahedron  ABCD  of  Plate  III.  fig.  7.  But  in  this  case 
there  is  not  an  equilibrium,  without  ^e  action  of  a  fourth 
force,  as  we  shall  see  by  and  by.  Ax  present  we  proceed 
to  investigate  the  exerted  forces  when  more  than  three 
points  are  considered.  It  is  necessary  to  begin  with  forces 
acting  all  in  one  plane. 

327.  Let  the  forces  AD,  BE,  CF,  S  s,  Plate  IV.  6g.  0. 
be  applied  to  the  four  points  A,  B,  C,  S,  all  in  one  plane,  in 
which  are  also  the  lines  of  direction  of  the  forces ;  and  let 
all  be  in  equilibrio.  It  is  required  to  determine  the  ratio 
of  the  forces. 

Any  one  of  the  forces,  BE  for  example,  nuiy  be  stated 
as  in  opposition  to  two  other  forces  AD  and  S  «,  tending 
to  turn  the  body  round  the  point  C  to  which  the  remain- 
ing force  CF  is  applied.  BE  may  therefore  be  consider- 
ed as  the  aggregate  of  two  forces,  B  e  and  e  E,  of  which 
the  first  balances  AD,  and  the  second  balances  S  «•  ^ 

The  process  of  investigation  may  be  the  same  as  be- 
fore. AL,  equal  and  opposite  to  AD,  is  the  force  exerted 
at  A,  and  it  arises  from  a  contractile  force  AI  combined 
with  a  protrusive  force  AK.  Making  BN  =  AK,  and 
drawing  NO  parallel  to  BC,  we  determine  BO,  the  force 
exerted  at  B  by  the  action  of  AD  at  A.  In  like  manner, 
making  S I  equal  and  opposite  to  S «,  we  determine  the 
exerted  contractile  force  S  t,  and  protrusive  force  S  Xr. 
Make  B  n  =;:  Si!r,  and  no  parallel  to  BC,  we  get  the  force  B  o 
exerted  at  B  by  the  action  of  S  «  at  S.  Thence  weJeam 
that  a  force  BE  equal  to  the  sum  of  BO,  and  BVwill 
balance  the  forces  at  A  and  S,  and  thus  obtain  the  ratio 
of  the  exerted  forces.  We  also  learn  the  force  at  C  by 
making  CP  and  CQ  equal  to  AI  and  BM  respectively^  ^ 
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9^4  C  p  and  C  q  em^\  tp  jS  i  f^d  B.m^ .  Then  forming  the 
parallelograms  CPIIQ  and  Cprq^  and  drawing  the  dia- 
gonals CItand  CrT^aad  making 'them  the  sides  o€*aiBoUilv 
paraUelpgraoa'CBVr^  wo  draw  t^e  diagonal  CV.  •  CV  is 
title  force  exerted  at  C  bj^the  action  of  Ibe  three- foreesmt 
^  Bt  anfL  S^  and  Or,  equal  and  opposite  toiCV»  is  the 
external  foree.  Tim  is  the  ratio  of  all  the  fonces  deteiU 
mined.  All  this  is  evident  from  <  j  3S0,  and  >  the  composi^^ 
tion  of  forces*       t     -  ^»  ,  .   .  .• 

328.  Supposing  perpendiculars  fsom  C  on^eachofi'the 
lines  AD,  -BE,  and  S«,  and  representing  them  by  the 
symbols  a,  h^  and  s,  it  is  plain, that  AD^a^s-BOxM 
and  S  s  X  S^  :^  B  o  •x  i,  and  therefore  BO+Bex»,  or 
B£Ki= AD  Xtf'+  8  S'X  8.  This  lequaCiota  may  ke  con^^ 
sidered  as  expressing  the  equality  of  the  rotate  meitienfe 
tttvi  round  C  of  the  force  BE  t  to  the  combined -mom^ta 

ofADandSt*  •    «> 

.  .If  Iheiwo  directions  AD  and  Ss  intersect  in  any  point 
&,  .and  if  the  ^forces  are  applied  at  that  pointy  they  will 
have  the  seme  volative  momentum  as  when  applied  at  A 
and  S.  .  For  the  perpendiculai^  fromC  on  their  diree^ 
tions-arenot ehanged-by  changplng^  the  points 4r ihe  lines 
of  direction; to; which  they  are  applied.  vThereforey-if 
imtead  of  apptying  the  forces  ADtand  S«  at  G,< we  apply 
tUs  equivalent  6^,  the  effects  should  he  the  same  alsof 
since  it  is  indifrerent  to  what  point  in  the' line* of  il^ 
dtrectiqU'the  force Ae  applied,>this  equivalent  'may  be 4^ 
plied  to  any  poiiii  of  Ih6  line  G  jf  H.  •  Nay,  >  what  is  %iot 
so  obvious.  If  the  forces^AD  and-S  s  40*0  jointly  applied 
tolany  point  of  >this  line,  the  equilibrium  with  B£'xi 
will  still  obtain.        ^       .  *         7  -      :  »^    ^^     .> 

j^  let  ABDR  fig..7.*bea^paraUelognnn  baling  BA 
for.,  its  dia^^onaL  From  any  point  C  draw  perpendiculars 
C  d,  C  a,  and  Q  r,  on  the  sid^s  BD^-  BA»  and  -the  dia* 
gonal  BR;. draw  GL  paraHel  to  DB^  CEP  pRrallel  !• 
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DR,  and  Clff,  BG,  and  DS  parallel  to  BR,  meeting  the 
parallels  CL^'BD^  tfnd  AR\  iit  K,  £,  I,  F,>  H.    We  have 

BR  X  CrzsBRHI 
'-  BA  x-  C  a  =  BAFE^  -^  BRG£  >        » « 

DB  X  CrfacLBDK  »    * 
but  LB,  or  CI   :   I®  t=  BR  (or  IH)  : ;  BD 

' '  i :  CI  X  BI>=  IH  X  IE 

and*  :  ^^  \  vLBDK=^EGHI^  -  ^i  j^» 
th^refi>r^»  --^  •-  ^»  li  »•  ..  -• 
BAxCa^BDxir<{:s:BR6B,-|'E6»I,  ^MlHiy^BBxGfi, 
329.  The  reader  trill  'doubtless- peroeir^,- that  if  there 
be  "aiij* 'Dumber  of 'pmnta  beyond  O*  to  -whidh  ei^ftia! 
forces  are  appUed^  the  aame 'process  majibe  foNofreA«fer 
asoerta^ilig  the  portion  of  ^the  whole  force*  BE*  wfaieh  is 
»equ3ibrio*witk*eacb  of'them^'  Therefore,  converselj, 
it  aseertains^be  force  exerM  in  those*  diffierent  points  by 
ibe*«ctiotm>f«n  external  fopeeat  B.  >'  * 
,  ■*  'We>  also  tnmjr  perceke  4hat  •  we  can-  al ways j  reduce  the 
forces  in  equilibrio  with  BE  to  one^eby  tontinuing  their 
directions  till  they  intersect,  ;4md  supposing  their,  equiva- 
kttt  force  applied  at  the  point  of  intersection.  >  Having 
don^'tbis^  we  may  ^s^pposc^  instead  of(BE,'any  number  of 
forces  applied  to  points  on  the  same  side  of  C,  and  in 
equilibrio  with.the«^uivalest  o£  all  »tbe  forces  applied  on 
tlieo4b9fi*side.»  >       '  •'    *         » 

^  To-4o  tbiain  detail  would  be  a  tedtous'process.  *  But 
the  i«ader  mwt^  I  apprehend,  ^see^by  this  time,  that  when 
the  equilibrium  *  obtains,  we  shall  have  an  equation  ex«- 
pressing^ty  «nd  confining,  on  one  side,' the  sum  of  the 
products  of  each  force  tendings  *tOt  tunt  the  body  in  one 
direction  by  the  porpendtCHlar  fromG<on  the  line*  of  its 
diffectioB  't  ^md  on  the  other  side  an  equal  sum  of  similar 
prodnola  for^tfae  fompes  which  tend  to  tura  the  body  In  the 
ooiitt^iry> direction.       •<   ^    ii<*    :.       • 

Laatly^  Since  we  saw  that  when  tha*e  were  only  twa 
foccea  AD  and  BE^  fig.  4.  the  direction  of  the  force  at 
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C  passed  through  the  intersection  T  of  AD  and  BE^  or 
idi  were  parallel^  and  that,  in  either  case  CF  was  equal 
and  opposite  to  the  equivalent  of  AD  and  BE,  it  follows 
that  we  can  always  reduce  the  most  complicated  case  to 
that  of  two  equal  and  opposite  forces; 

Hitherto  the  directions  of  all  the  forces,  and  also  the 
points  to  which  they  are  applied,  have  been  supposed  to 
lie  in  one  and  the  same  plane.  But  a  body  may  be  at 
once  impelled  in  numberless  directions  in  different  planes, 
and  the  points  of  application  may  have  any  situation  oik 
the  surface  of  the  body.  We  must  endeavour  to  simplify 
the  consideration  of  this  complicated  case.  This  will  be 
done  by  the  help  of  the  following  proposition. 

330.  Let  any  number  of  external  forces  be  applied  to  a 
aolid  body^  in  any  points,  and  in  any  directions,  and  let  all 
lie  in  equilibrio.  Let  a  plane  pass  through  the  point  to 
which  one  of  them  is  applied,  and  let  all  the  forces  be  re- 
duced to  that  plane,  in  the  manner  described  under  dy- 
namics. Then  I  say  that  these  reduced  forces  are  sueh  as 
would  be  in  equilibrio  were  they  applied  to  their  respec- 
tive points  in  that  plane. 

Let  A,  B^  C,  (fig.  8.)  be  three  points  of  a  body  to 
which  external  forces  are  applied.  Let  the  point  C  be 
supposed  to  lie  in  the  plane  of  the  paper,  but  the  points  A 
and  B  to  be  above  that  plane,  in  the  air.  Suppose  the 
forces  AD  and  BE  to  have  their  directions  in  the  plane  of 
the  triangle  ABC»  and  construct  a  figure  expressing 
the  excited  forces,  in  the  same  way  as  was  done  in 
f  387.  Let  this  figure  be  orthographically  projected  on  the 
plane  of  the  papery  by  drawing  perpendiculars  A  a,  1 1, 
"Kkj  LI,  &e.  from  every  angle  to  the  paper.  We  shall 
then  have  its  orthographic  projection.  The  reader^s  ima- 
gination may  be  assisted  by  supposing  the  original  figure 
to  be  made  of  wire,  and  to  have  its  point  C  on  the  paper, 
but  all  the  rest  above  the  paper,  except  the  line  CF, 
irhieb  goev  through  to  the  under  sid^.    Now  let  the  paper 
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k  80  lield  tfaat  the  sun  shines  perpendicularlj  on  it  The 
wire  figure  will  cast  a  shadow  on  the  paper,  which  will  be 
its  accurate  orthographic  projection.  This  is  represented 
by  fainter  lines.  The  triangle  ACB  has  nCb  for  iu 
shadow.  Ik  a  119  the  shadow  of  the  parallelogram  LKAI^ 
Cprq  is  the  shadow  of  CPRQ,  and  Cf  is  the  projection 
of  CF,  being  the  continuation  of  r  C,  which  is  the  shadow 
of  RC. 

Now  since  this  projection  is  made  by  lines  perpendicu^ 
lar  to  the  paper,  and  therefore  parallel  to  one  another^ 
the  plane  AakK  is  parallel  to  the  plane  I  t/L,  and  the 
plane  A  a  1 1  is  parallel  to  the  plane  E  itr  /  L  (Eucl.  xi.  15.) 
Therefore  the  intersections  I  i  and  k  a  with  the  plane  of 
the  paper  are  parallel  (EucL  xi.  16.).  So  are  the  inter- 
sections a  t  and  kL  Therefore  Ik  at  is  a  parallelogram. 
So,  in  like  manner,  is  m&n^.  Also,  because  AE  :±  BN^ 
and  the  lines  E  fr,  A  a,  B  6,  N  n,  are  parallel,  we  have 
ka=:in.  Therefore  it  is  demonstrated,  in  the  same  way 
as  in  ^  3S6,  that  if  perpendiculars  C^  and  C  h  are  drawn 
from  C  on  the  directions  a  /  and  b o,  we  shall  have  alx 
Cg  =  6  o  X  C  A,  and  the  two  forces  Ic  and  o  b  (which  are 
the  forces  LA  and  OB  reduced  to  this  plane,  and  applied 
at  m  and  at  b)  are  in  equilibrio,  or  have  equal  rotative  mo>» 
menta  round  C 

It  is  evident  that  we  may  proceed  in  the  same  way 
with  any  number  of  reduced  forces  that  we  have  done 
with  forces  originally  acting  in  the  plane  of  the  paper,  by 
which  means  the  proposition  is  demonstrated. 

There  is  no  occasion  to  consider  the  forces  which  are 
perpendicular  to  this  plane.  For  the  body  being  supposed 
in  equilibrio^  the  forces  are  such  as  would  be  in  equilibrio 
in  any  direction,  if  all  were  applied  to  one  point.  There^ 
fore  they  would  be  in  equilibrio  if  all  were  estimated  in  a 
direction  perpendicular  to  this  plane ;  and  therefore  the 
sum  of  all  the  forces  acting  in  one  direction  would  be 
equal  Co  thai  of  the  forces  acting  in  the  opposite  direction^ 
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{bro«yaioiie.<*  •i'  i'\  ?m!  :f  ^n  "'>,  i  *  M;,  -  .  «  -•.• 
•>J!From  this  proposition  may  be  deduced  a  corollary  ex- 
presiding'  a  ^eiiiarkabl4  p^opefty  tf  Ihe^fctnitre  of'  pdsfw 

381.  If  there  be  applied  to  -every  particle  of  te'^oliA 
MAjFitfd^^^ualifmdpamllel  firrt^,''Md  if  W^fbt-c^ecfual  to 
their  sum  be  applied  in  the  opposite  direction,  in  li^liift 
fittBsili|f  tbroirghUli^  centre  bf  position,  all  will  be  in  equi« 
libAoV  Th^body^idUndthi^'b^  MotedoYTt'of  its  ptoe^ 
fior  will  k  ihsOige  ks  afttitiide.  "'  -•  *•  ••  '  ^  "^  5'^  *  ^ 
^LetcP({|g.^.U)  be  the' ddfalrc^  of  pUsttiorf  «df 'Vi  *8dlid 
lM)dyr^A^3FH  a^eiAiDn'drtli6tN)dyfiy  i^'plat^'pii&iii^ 
ibrM^'tbe'ceHtre  of  ipdsitidfif  in  i  ditecth^h  piu'altel  tA 
ikil  t^^the  torc^sl  8^p[lose  ftforce^  appli^dUo^if  patticfe  A 
id  thttf  plan^  ticti^  iftihe  direction  A'«;  add  let  A  m  aM 
flfpt^icfbt'the  Sitftoslty  ^f  tbis-'foi-c^;  Let  thie^  line  PE; 
fUtiM^'A^*,  ptes  tbrougb'F;  ^Theiltbis'lin^mayte^ 
^H>8ehtth^  sectiob  oi^  tbd  pl&M  BGFH  by  finotber  |^ne 
|ier^dicular  to^it.  »^In  Kl^e  falunhei*;  'l^Hhe  other^^aitt; 
dijb  B,  C;  D^  tre/inth^'illAnd  BGFH  be  aauAfed%y-fbfcek 
B^s  C»,  D)4  &c/all  equal  and  parallel  to  AL*'  Let  th( 
MMe  b^^^ppbsed  oH^^ry  othep  pAt^dle  ^f  tbft  IM)^^;  both 
those  that  are  above  the  plane  E6FH  of  the  ffglife  atfl 
Ihdt  1»%h9w^k.  F#Om  '>eVeiy  'partible  ttt  '^ierpetidiculars 
Aa,  B&»  Ce;D^t/,i&€.  be  drawn  to- tb6  pIan^*Wbich  teB 
tfte  pUU^E6F«  kt  th^Iin^  £F  pei^eddicolarly.  ^  N6w, 
let  all  the  forbies  A>«/tB  jS,  %c.  witft  their  p<erpetfdieii)afl 
Afd,(  Bft;'  be.  be  t»Kh\>gri()^h1cdlly  projl^cted  on  the  pl^ne 
B^FH,  iii^flie  manner  described  in  tb^  hist'  ptofpo^itibn. 
The  slightetl^'coiltfde^ation'Vil!  sheii  lis  tBar<the  pfoj^ 
ttdn  or  shadow  of  ea\eh  fine  representing  aTdrde  mlist  b^a 
line  ^M  Md  ^htaief  to^ft,  and  thl&r^fore  l^^al'and^^^ 
rMler to  A  «*  or '  B  ^;  &e.  AIsO  ^  the  p^i^MieUlar  drairh 
from  the  particle  to  the  upstanding  plane  is  precisely  equal 
to  its  projectioDj  which,  is  also  perpendicular  t<^  £F. 
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Therefore  the  sum  of  all,,  or  of  iLnj^  paired  of  the  perpen- 
diculars to  the  upstanding  plane,  is  eqiiid  to  the.  sum  of 
all  the  corresponding  pircgectioiis,  perpendioular  to  EFJ 

Now,  beeanaeaU. the. forces  ar^.^ paraUei^  and  their. sum 
is  equal  to  theforoe'H^^iUiedtto^onie  pqint  in  theliipe?F^ 
in  the  direction  '£B^  thif  ^tald  .Ualance'  if  appKedi  aH 
to  the  same,  point,  ^hereforetfae  boiy:MliiaxA  be  !monned 
out  of  Its  place.  Moreover,  since,  bj  the^propectji  of  l&e 
centre  of  position^  the  suoi  bf*  all 'the  parpendleubtraL  on 
one  side  of  FIE '  in  equal*  to  tHd  siim .  of  all  tfadse^  onithe 
other  std^f  and'tfaeL£Qarca8<:are  all  equals  it!fo1laitsi,thiU;*  the 
8um  of  alLti^e  pcdduct^  of  tlbO'forceft  b]r  Iheh*  ptrpeaidieui- 
lar  distances  .frdni:  the  lise  FE<dn  one  side,-  is-equalito'thfe 
Bukri'Qp[aidii||iir  .')pmdii'cts.fon  the^othelr  ride;  !  Their  lota^ 
tive  niomeotaiare  fheteSne  <eqbal,'  cnr  t,be)r  baliuiee.eack 
otber^  «nd.th6body:llafrnoTte£ndenis^lo  cUonge  its  attitude. 
Ail  motloQ  Isr  tliecdfore  .rftopped^  wiietber  progressire^or 

No  te^  that  the  domplete  equiKbriumriBquires'that  the 
line  ofdiiieeibn  of  tbe'sin||le  opposing  force  past 'through 
the  Teiy  e«itre  of  position,  liecause  it.  is.  tlienionly:  tint 
'we  shall  hairevthb  equalitf^  of  the  sums  of  the  pa|»ndicH^ 
lars  on.  the  twdl  aides*^  kttBer^  plane  that  eail  \»  draws 
through  that  line  of  ^^ectiobL  ,  Should  the  tide  of  dii'ed- 
ttoxi  be/e,  fr|p9l  dithough  still  in  a  plane  pasiinglhi^ovgh  H 
the  rotati«e'monientuni  on  -  the  '«ide  •  e  H^  will'  ^cc^d  tii^ 
on  the  side  tG/,  and'ther  bbdj  will  tucnih. the  ^direction 
eH/.  .   '  •!  ? 

It  is  to  obvious  inference  from  this  proposition,  that  if 
a  heavy  body  be  supported  by  a  single' point  in  the  verti- 
cal line  passing  through  it$  centre  of  position j  then,  Imo, 
The  force  which  thus  supports  the  body  acts  directly  up- 
tvards,  and  is  equal  to  the  aggregate  6r  sum  of  (he  weigh't 
of  all  the  pltrttcle« ;  dnd  ida,  Hirebody*  will-have  no  ten- 
dency! to  lean)  towards  ^ariy  side. 

Foot  the  .body,  niay  be  ^ondeired  as  havitog  every  parti- 

vot.  I.  Y 
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cle  actuated  bj  an  equal  force,  acting  in  parallel  line!. 
Therefore,  bj  this  proposition,  all  are  balanced,  any  plane 
being  made  to  pass  through  the  vertical  line  of  support^ 
the  rotative  momenta  on  the  opposite  sides  of  this  plane 
are  equal,  hj  this  proposition,  and  theiefore  the  body  will 
incline  to  neither  side,  but  will  remain  in  the  same  atti- 
tude, just  as  if  the  weight  of  every  particle  were  united  in 
the  centre  of  position. 

For  this  reason  the  point,  determined  in  the  way 
already  described^  and  which  we  have  called  the  centre  of 
position,  has  been  called  the  cENxaa  of  gravity,  meaning 
by  the  term  the  point  in  which  the  whole  gravity  of  the 
body  is  usually  supposed  to  be  coneentf  ated.  This  how- 
ever is  an  inaccurate  conception.  The  weight  of  all  the 
particles  is  not  applied  to  the  centre  of  gravity,  nor  does  it 
act  there  by  itself.  But  such  must  be  the  distance  of  the 
particles  of  the  whole  system^  that  a  certain  force  may  be 
mutually  exerted  by  the  support  and  the  physically  tbuch^' 
ing  particle  of  the  system,  equal  to  the  sum  of  the  paral- 
lel and  equal  actions  of  gravity  on  the  particles.  It  ii 
not  the  gravity  of  the  body  which  acts  on  the  support, 
but  a  corpuscular  repelling  force.  And  it  is  really  the 
centre  of  gravity,  if  we  suppose  the  gravity  of  all  the  par- 
ticles perfectly  equals  and  all  acting  in  parallel  lines.  But 
it  would  not  be  the  centre  of  the  effort  of  gravity  of  a 
body  placed  very  near  to  the  centre  of  the  earth,  because, 
in  that  situation,  the  gravities  of  the  different  particles 
will  neither  be  equal  nor  parallel.  The  name  is,  how^ 
ever,  proper  enough  in  respect  of  any  body  of  moderate 
bulk  on  the  surface  of  this  globe. 

332.  Such  are  the  more  simple  and  elementary  laws  by 
which 'the  excitement  of  corpuscular  force  is  regulated. 
They  may  also  be  called  the  laws  of  the  propagation  of 
pressure.  This  is  a  very  usual  but  inaccurate  manner  of 
expressing  the  phenomenon.  It  is  very  true  that  when 
the  conditions  here  enumerated  are  obsenred^  a  pij^sure 
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being  exerted  on  one  point  of  a  solid  body,  it  is  instantly, 
accompanied  by  a  detertninlEite  pressure,  exerted  by  some 
other  part  of  the  body,  balancing  some  other  external 
pressure.  But  we  have  full  evidence,  by  what  was  said 
in  §  380,  that  the  pressure  that  is  observed  in  the  remote 
part  is  the  excitement  of  a  corpuscular  force  belonging  to 
that  part,  by  means  of  an  unktiown  number  of  corpuscular 
forces  which  connect  the  intervening  particles  of  the  body. 
When  these  intermediate  forces  are  wanting  in^any  part^ 
the  remote  pressure  does  not  appear.  We  shall  find,  once 
we  begin  the  consideration  of  the  forces  actually  existing^ 
that  these  laws  are  as  accurate  as  any  theorem  in  geome- 
try, confirming,  in  the  most  unexceptionable  manner,  the 
justness  of  the  three  propositions  which  we  called-  the 
laws  of  motion,  and  the  propriety  of  .the  mark  and  mea^ 
sure  which  we  adopted  of  every  change.    - 

It  is  now  time  to  consider  the  motions  producible  in  a 
mass  of  solid  matter  by  the  action  o^  an  external  forcei 
We  shall  find  this  to  be  a  subject  c<msiderably  different 
from  the  motions  in  physical  astronomy.  In  the  celestitl 
inotions,  the  force  which  produces  the  change  of  motion 
is  conceived  as  acting  alike,  or  nearly  alike,  on  every  par- 
ticle of  the  body,  and  acting  without  any  intermedium. 
Every  particle  was  conceived  as  influenced  by  a  force  cor- 
responding with  its  situation,  without  any  dependence  on 
the  state  of  the  other  particles.  Jupiter  and  Mercury,  if 
in  the  same  place,  would  be  eqiially  moved,  although  Jii<- 
piter  contains  5000  times  as  much  matter  as  Mercury.  A 
certain  variation  of  velocity  is  acquired  in  that  place,  by 
every  body  ;  and  the  magnitude  or  quantity  of  this  vari- 
ation,- can  be  varied  only  by  a  change  of  situation.  But 
here,  the  external  force  is  commonly  applied  to  some  part 
of  the  body,  and  the  parts  at  a  distance  are  moved,  not  by 
tlie  external  force,  but  by  the  corpuscular  forces  excited 
between  the  particles.  This  excitement  requires  the  exr 
penditure  of  the  force  employed,  in  order  to  generate  any 
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pitttictilfll*  VdbcHjr  iifr  tlie  whdle  tnas%  <andfdie  expendftartf 
must  be  so  nttitfa  the^  grealee^  m*  Ihe  numben^f  pariidea 
exoited-  to  liiotioit  it  greater.  Tiie  qtiaatii]r  .t)f  moiioii 
produced  defModst  tIi6refore>  on  the-  foree  eoa^lojradf  and 
the  relociiy  generatedr  depandst  alaa  on  tba  maaa.of  the 
bodjriaoTed: 

Sir  Isaac  Ne#toii'  saw  the'  heeenkj.  ofi  a  fistiQctum 
betweeii  tbe  wmutHxi  oFroio^higt  foiicei.  audi  the  vk  aec/Sf 
/b'tilm?,  or  accelerating  force;  TheGiMnh  maawittdi.bjr 
the  quantitff  of  motioo^  prodaesd'or  diaagedr  liy.  it,,  and 
the  last  bj  the  'Telocilyt  generated^ 

The  first  obsehraliant  of  moment  on  tbi*  wajF  e£  pno^ 
dueiiig  motioA  isi  tfaat>  if  an  externaJL-  feme  act.  oa  a 
solid  bddjr,  in  » linepassitag-  thtaiigb?  its  ceatDS  of-  posir 
tion  or  gravitj^  it  will  |Mradiico>  a  molioQ^af.  the:  whsjir 
\>odyj  in  its  own  diredton^  every-  particle  t  adyani^uig 
alilfe^ '  and'  therefeife  witibout«  any  .retatictt :  o«  diang^  of 
attitode. 

399»  Lct'jf^eJKprass  Ihe^magaitiide'Of  tbe  moru^  ibroe;^ 
aod^wi  the  number  of  pavliele»'  in  the  body  to  be  nioved 
by  it    It  is  fMn,  by  the  tast  prapositioai*  that  if  a  farae 

s^-lL,   or  the  nC^.  part  of  p^  be  applied  to  each  par- 
m 

tide,  in  the  opposite  diraetion^.  aH  witt  be-hi  eqvimiria. 

Now  snppose  the  force  Ji  to  be  annihilated:  ifi*aB  instant 

It  is  phmi  that'  the  body  wiUiaMnetiately  faegiDito  more 

in  tbe  directioii  opposite  tvthat  of  tiie  forer  p^  and.  that 

every  partii&  will  move  aKke^  being'  eaek  impellecbbf  an 

p 
equal  force  — ,  just  as  a  heavy  body  falls  without  chang- 

ing  its  attitude,  all  part»>  being  equally  acted  on.    By  the 

continued  action  of  the  force  —  on  every  particle  during 

some  given  time,  a  second  for  example,  every  particle 
acquires  the  velocity  e  in  the  same  direction.  Tbe  whole 
quantity  of  motion,  therefore,  will  be  m^  v^  the  exact 
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in^MiTe  4)f*  |Im»  Satce  p  /which  fadd  ^Uie.body  Hi  equi- 
4ibrio. 

S84.  Silppose,  OB  tbe"alfattn  faaiid,'  that  «U  th^  ibtves 

—  are  annihilated  in  an  instant,  while  p  U>  pressing  the 

body  ift  its  ^'pFoper  direction.    Every  partide4s  pressed  in 

this  direction  with  the  force  — ;  for  'all  was  in  equili- 

m 

brio  when  the  external  forces  —  were  applied  to  each 

particle.    Each  was  therefore  opposed  to  an  equal  and 

opposite  force  — •     These  forcep,  excited  bj  the  force  p* 

m 

tnnst'flow  actalone,  and  will  produee  the  same  motion, 

Init  in* tfaer  opposite  direction,  that  was  produced  by  tha 

external  forces  — ,  when  the  force,  n  was  Femoved.    That 

m 

is,*  by  the  action  of  those  equal -fstctlfed  forces,  every  par- 
ticle will  begin  to  move  in  the;  directicai  of  the  force  jp, 
and  will  acquire  the  velocity  v,  if  p  continue  to  act  on 
that  body  during  a  second,  and  the  whole  quahtity  of 
motion  will  be  m  o,  the  proper  measure  of  the  force  p. 
^heferoes  ac^uaHy-exerted  in  the  different  particles  are 
tiot,  'Strictly -speaking,  all  equal;  for,  on  the  contrary, 
the  ibrce  exerted  in*  the  -particle  to  which  p  is  immedi- 
sitely  applied,  -19-  equal  to  the  whole  force  p.  But  by  far 
the- 'greatest' part  of  the'force  exerted  in  it  is  employed  in 
preiteing  the-partides'with  which  it  is  immediately  cohe- 
rent^ "sofficieiitly 'near  to  the  particles  beyond  them  for 
imefimg  the-^neeessary^forces  in  them,  to  be  expended  in 
like  manner  in  pressing  those  still  more  remdte ; « and 

there  remains  6nly  a  portion  — ,   sufficient    for    giying 

(bisjtpaftittle  .the  velocity  v*  This  will  i^pear  very  di- 
•tinotlf , 'by*  coBsid^ng  backwards^  from*  the  most  remof^ 
Vtfiss  oS  paftictts«    Tb^se  r^peive  only  as  much  pressure 
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as  suffices  for  giving  them  this  velocity,  and  they  react  as 
much  on  the  penult  series.  The  particles  of  this  series 
receive^  each  of  them,  a  pressure  sufficient  for  balancing 
this  reaction,  and  a  pressure  sufficient  for  giving  them 
the  velocity  v.  Thus  each  series  in  succession  sustains 
inore  pressure  as  it  is  nearer  to  the  particle  acted  on  by 
the  force  p.  But  in  ev^ry  particle  there  is  an  overplus  of 
force  sufficient  for  producing  the  velocity  v.  There  is  no 
mystery  or  intricacy  in  this.     For  it  is  this  overplus  alone 

P 
that  was  the  balance  for  the  forces  -^  that    we   at  first 

m 
supposed  to  be  applied  to  each  particle,  and  to  be  all  ba- 
lanced by  the  force  p.  There  was,  in  that  case,  the  sam6 
serieses  of  forces,  greater  and  greater  as  we  approach  the 
point  to  which  p  is  applied ;  but  these  are  all  employe^ 
in  connecting  tbe  particles,  and  keeping  them  in  that 
state  of  strain  that  is  necessary  for  the  excitement  of  that 
force  in  each  particle  which  immediately  balances  the  ex* 

ternal  force  -^  applied  to  each.    All  these  connecting 

forces  vanish,  or  cease  to  act,  the  instant  that  the  forc^ 
jp  is  annihilated,  and  the  body  moves  with  the  velocity  v» 
Por,  in  that  instant,  the  strain  being  removed,  the  par- 
ticles all  resume  their  natural  distances,  in  which  they  are 
inactive,  and  the  body  continues  to  move  with  the  velo- 
city already  acquired.  This  indeed  is  not  strictly  true, 
because  when  the  particles  spring  back  to  their  natural 
distances,  they  ^commonly  overpass  them  a  little,  as  a 
pendulum  let  go  from  an  oblique  position  does  not  stop  at 
its  natural  position  in  the  vertical,  but  passes  to  the  other  * 
side,  and  oscillates  some  time,  till  it  is  brought  to  rest  by 
various  obstructions.  The  particles  of  the  impelled  body 
do  the  same  thing,  and  vibrate  a  little  on  each  side  of 
their  natural  places,  till  this  ceases,  by  the  imperfection 
pf  their  elasticity.  That  this  is  really  the  case,  may  be 
fasily  perceived  b^  striking  away  a  small  bell  or  other 
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elastic  body.  It  maj  be  heard  ringing  all  the  while  it 
flies  through  the  air.  It  may  sometimes  be  more  dis* 
tinctlj  perceived  in  a  child'^s  plaything  which  imitates  a 
mouse  jumping  out  of  a  box.  If  this  be  so  placed  on  the 
floor  as  that  the  mou^e  springs  out  along  the  floor,  the 
spiral  wire  that  is  attached  to  it  will  sometimes  be  seen 
to  expand  and  contract  several  times  as  it  runs  along  the 
floor. 

The  other  circumstance  to  be  observed  in  this  motion 
is,  that  it  is  merely  progressive,  without  any  rotation. 
This  must  be  the  case,  since  every  particle  has  the  same 
velocity  v,  no  one  gains  upon  another,  and  therefore, 
whatever  position  or  bearing  they  have  in  the  beginning, 
they  retain  it  during  the  whole  motion.  The  same  pro- 
gressive motion,  free  from  all  rotation,  will  be  produced 
if  the  equivalent  of  any  number  of  forces  be  in  a  line 
which  passes  through  the  centre  of  position.  For  a  force 
equal  and  opposite  to  this  equivalent,  and  applied  in  a  line 
also  passing  through  the  centre,  will  balance  those  forces. 
Let  the  intensity  of  this  equivalent  be  p,  and  let  an  be 
the  number  of  particles  in  the  body.     Then  if  a  force 

—  be  applied  to  each  partible,  tliey  will  balance  this 

equivalent,  and  be  balanced  by  it.  The  effect,  therefore, 
of  the  primitive  external  forces  being  equal,  and  opposite 
to  the  force  p,  which  balances  their  equivalent,  and  this 

P 
being  equivalent  with  a  force  equal  and  opposite  to  — 

applied  to  each  particle,  the  effect  "of  the  primitive  exter- 
nal forces  is  to  impress  this  force  —  on  each  particle,  and 

therefore  it  ^ill  cause  the  whole  body  to  advance  alike, 
without  rotation.  It  is  very  obvious  that  this  permanent 
attitude  is- peculiar  to  this  case.  For  if  the  same  force, 
acting  in  the  same  direction,  be  applied  in  a  line  which 
passes  on  one  side  of  the  centre  of  position  of  the  body^  it 
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it  eViSsnt  Ihsit  M^at  «ide  ^ill  iadi!ance,  in  the  fery  begin- 
nt6g  of  the  jiiotion,  iasterthan  the  oilier.  The  body  will 
therefore  bHh  mdyahte  di}d.  itorh.  ipundL  It  is  also  ob- 
^iou»  fbaL  this:  will  be  the  most  i^eneral  result.  -For  an 
Ii6tiqn  in:  aJine  pafioidg  through  the  cfntre  is  but  oqb  of 
niUlioiis  of.'ossesw  .  ^ccbrdin^ljr^  it  is  very  rarely  that 
progressive  .motion  is  not  Combined  with  a.niQtion  pf  ro* 
tation.  In  the  great  movements  of  Nature,  the  celestial 
motions^  we  Ae^  those  two  kinds  of  .matuin  \always  con- 
joined. AU,  Uie/pFaiiets  on  wbiQh  ;6faaerv8tiotis  lean  be 
flnade^  turn  round  their  aa^is  while  they  x^tolve  round  the 
jrnn  or  ^tlier  :  central  body.^  .*  A^Btque  thrown  frcon  the 
}i8nd»  a  boRlb .-or  cannon: ball,  irqin  tlieitnu^sde  of  the 
fiece,  are- always  observed  to  widr}  as  th^lfy.  It  re- 
'quires  particular  contrivailces  to. pretext  this  when  in- 
^convenient.  On  the  other. hand,  this  mtrtion  of  rotation 
'being  subject  to  fixe^  principles,  we  can.  modify  it  so  as 
'to  suit  any  puifposQ  we  may-  liave  in  vieif.  This  will 
icome  under  consideration;  by  oiid 'by;  and. in  the  mean 
time  wie  proceed  with  the  remainitag'circtimatbnces  of  pro- 
'gressive  motion,  as  <;onnected  with  the  force  employed. 

335.  Th^'  quantity  of  motion  produced  by  the  aption 
of  a  force  was  taken  for  the  measure  of  that  moving  force, 
upon  every  ground  Of  good 'argument.  (Sec  Dynamics.) 
If  any  force  be  necessary  for  giving  a  certain  motion  to  a 
cubic  foot  of  matter,  as  mi|ch  \s  surely  necessary  for  giv- 
ing the  same  motion  to  another  cubic  foot.  Therefore  it 
is  most  reasonable  to  call  that  a  double  force  which  gives 
the  game  motion  to  a  double  quantity  of  matter.  The 
observations  which  have  been  made  on  the  way  in  which 
force  applied  to  one  part  of  a  firm  body  produces  motion 
in  the  whole,  perfectly  agrees  with  this  suggestion  of 
common  sense^  and  even  confirms  it,  .by  shewing  bow 
those  sensible  pressures,  which  we  call  moving  forces, 
arise  sometimes  from  the  combined  action  of  accelerating 
forces^  such  as  gravity  and  magpetism,  whose  action  on 
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cdth'atom'is  JoiifeiliiblieJ .:  ITbeifaeoMUeiprtsniteof  ama^ 
frf  Ited,  «ied-es:llieiih6viiig:4^oe  acting: dDiAiqachine,  is 
muaUyfteribiddred  ds'llfe  iMscui^iiJibted  gtavibBL^cak.  of^every 
paiiicle.'.iSat'WeilMvie  npaen.  'that^raUhougli  it^be  €91112/  to 
theiBumt^fi  tiiHe.:gf8t9itati6lis,:it!ia  really  Uinrboirpttiiddiar 
Tqpuhidn^^r  ipmelhin^  similary  of  :tbe  touching  parts  of 
thd  oiachhie  andiv^eighty  i^xbted,  or'brdughi  into  actioa 
ibjE  the  'ooA^resnoki  ooeastotriNl  (by  ibe  faea^itHss  of  eaeh 
particle.  AAd  we  bare  seeii'bow  th&  tnutual  adtiofl  cdmes 
to  be  as  precisely  measured  by  the  numbdr^of  panicles  of 
anotfaer'body  whicbcit  piits  inio  motiQiiy  and  theA^locity 
genarated  bi-each,  as  thd  actbniof.  gravity)  on  the  weight 
itself-'tt  ao  meaitiitdd.  '  In .  other '  caseik  lof .  moving  forces, 
aaefeas  that;of  ^  fspriitg/it 'eaanot  W^measurad  in  any 
Ath^r 'Way.  i  ITh^'aensiiiie  prfeaiure  bf 'a  spring  is  not  the 
cocdmdktedilasfic' force 'Exerted  by  mT]r  particle  of  the 
spririg.>  These. elastic  ^forte^  »re  oply  t«e»ted  between 
ihe>  fmrtideB  'of  the- spi^ingi  iHnd  ih^ydre  probAbty  not 
TolucU  infector  toftbe  saiisj^ble'piresiuKf  of't|ie«{iring  on  the 
Jiody'maTed  liyito  /The  sum  tptal  of 'these  is  probably 
danneiMe'V^biititisaiiAaiownTto  >Hs«  7b!i  tooling  force 
csionoitibe  meaiu!»d  in  any  oth»*/>way  than  by^  the  motion 
ptodue^  by  it  But  altljoligh  the  force  of  a  spritig.muat 
n)6t  be  •  considered.  4i8  (the  isupi  of  tt|ie  elasticities  of  the 
ya^tielos,  it  is  6tjf).':<tiieir^doaibined  action^  -tThe  spring 
imust  nhbend  tbrongfa  vome  sensible  space,  thlsit  it  may 
foUpw  the  y^isldiiig  body,  continually  accelerating  it,  till 
Ihe  ydoalty  becomes  sensiUe.  This  could  not  be  effected 
fby  the . elasticity  of  thet  toudling  pafts^ alone;  their  ut- 
ihost  niiitkm  is  npt.iiia  millionth ^f't;he  T^iUionth  part  of 
tuCiineh,  and  would  <be  ins^^iitly^i^t  an-'end  by  the  yield- 
Jing  of  the*hody«  'But  ea^h  paiticle' moving  a  little,  the 
•end  of  the. spring  is  ilirged  oven  a>;sbnsibte(  space,  and  pro- 
4aces  its  effect.  \^  have  a  de^r  evidence  of  this  inter- 
nal motion  c^  x^omprossion .  If  we  strike^  ^dff  any  sonorous 
body,  such  as  a  metal  plate,  or  a  bell,  by  a  smart  b]ow^ 
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we  shall  bear  it  ringiofg  all  the  while  it  flies  throogh^  the 
air.  Its  partioks  were  compressed  in  succession,  till  the 
whole  was  put  into  motion,  and  quitted  the  bodj  which 
impelled  it,  and  then,  springing  back  to  their  natural 
distances  from  each  other,  they  overpassed  them,  as  a 
pendulum  let  go  from  an  oblique  position  passes  the  ver- 
tical line  which  is  its  natural  quiescent  position.  Just  so 
the  particles  vibrate  for  a  while  on  each  side  of  their  na* 
tural  positions,  till  thb  motion  is  extinguished  by  their 
imperfect  elasticity. 

336.  Thus  it  appears  that  the  fbrce  of  a  spring,  by 
which  it  can  put  other  bodies  in  sensible  motion,  is  not 
the  sum,  nor  equal  to  the  sum  of  the  elastic  forces  exerted 
by  each  of  its  particles,  although  the  joint  action  of  them 
all  13  necessary  for  the  ostensible  effect.  It  is  only  in 
#uch  cases  as  gravity,  magnetism,  and  others  which  we 
call  attractions  or  repulsions,  that  the  ostensible  effect  is. 
at  least  equal  to  the  sum  of  the  forces  acting  on  each 
particle,  Both  kinds  of  moving  forces  are  measurable  by 
the  motions  which  they  produce.  And  it  may  be  obserr* 
ed  here,  that  the  perfect  agreement  between  the  measure 
of  gravitation  by  considering  the  weight  or  pressure  of  a 
heavy  body  as  the  sum,  or  at  least  as  equal  to  it,  of  the 
gravitation  of  each  particle,  and  by  the  motion  which  this 
weight  will  produce  in  another  body,  is  a  proof  of  the 
propriety  of  the  Cartesian  measure  of  the  force  of 
moving  bodies.  Were  we  to  suppose  this  'force  pro* 
portional  to  the  square  of  the  velocity  produced,  we 
should  be  led  into  numberless  paralogisms,  as  any  one 
will  perceive  by  the  example  already  given  of  the  body 
dragged  along  a  horizontal  plane  by  another  hanging  by 
a  cord.  If  we  measure  the  force  by  its  action  in  equal 
times,  and  this  action  by  the  quantity  of  motion  generat- 
ed, we  shall  find  it  always  the  same,  as  we  have  every  rea> 
son  to  think  that  it  is.  The  weight  of  the  hanging  body 
is  the  sol^  moving  power,  and  it  b  always  the  sama*. 
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fW&eo  it  is  employed  to  give  motion  to  twice,  or  thrice, 
or  four  times  as  much  matter,  including  its  own,  it  ge- 
nerates if  J,  or  ^  of  the  velocity,  and  always  produces  the 
same  quantity  of  motion.  But  if  we  measure  the  force 
by  the  square  of  the  velocity,  the  action  diminishes  in 
the  same  proportion  that  we  increase  the  quantity  df 
matter. 

The  values  of  the  generated  velocities  may  also  be 
considered  as  the  accelerative  powers  of  the  forces,  in  the 
circumstances  of  their  employment.  The  powers  them- 
selves are  generally  known  to  us  as  pressures,  or  as  soli- 
citations  to  motion,  and  must  be  previously  known,  other- 
wise we  cannot  use  them  as  terms  of  any  proportion.  ' 
They  must  be  estimated  by  some  measure  of  the  same 
kind.  We  can  compare  the  moving  force  of  a  bow  with 
the  action  of  gravity,  by  observing  what  weight  will  draw 
the  bow  to  a  given  height,  and  compare  this  weight  with 
the  weight  of  the  arrow.  In  the  same  way  we  can  com- 
pare the  attraction  of  a  magnet  with  the  force  of  a  stream 
of  wind,  by  balancing  both  by  weights,  and  comparing 
the  weights.  But  we  cannot  compare  the  impulsion  of  a 
moving  body  with  any  thing  but  another  impulsion.  By 
attempts  to  compare  impulsion  with  pressures  of  any- 
kind,  mechanicians  have  been  led  into  many  puzzling 
difficulties.  The  comparison  mentioned  above,  of  the 
attraction  of  a  magnet  with  the  force  of  wind,  may  be 
thought  contrary  to  this  assertion.  But  we  shall  see  that 
what  we  experience  as  the^  force  of  a  stream  of  wind  or 
water,  is  not  an  impulse  but  a  pressure,  accurately  com* 
parable  with  other  pressures. 

337.  It  only  remains  farther  to  be  noticed,  that  in  the 
preceding  observations  on  the  action  of  forces,  we  always 
mean  to  speak  of  the  absolute  pressure,  energy,  or  strain 
really  acting  on  the  body.  It  is  frequently  necessary  to 
distinguish  this  from  the  whole  force  residing  in,  or  some^ 
^QW  attending  the  substance  employed  as  the  vehicle  of 
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tfa6  poirer.  Tfaus^  in  the  example  already  afluded  to 
on  several  occasions,  the  Whole  gravitation  of  the 
'hanging  body  seems  to  be  employed  in  dragging  the 
•equal  body  along  the  table.  But  the  thread  is  only 
stretched:  by  half  of  its  weight.  For  it  still  descends  with 
half  of  its  natural  veloeity,  and  it  only  generates  this  half 
velocity  in  the  other  body.  If  there  be  any  difficulty  in 
conceiving  ihis^  it  will  become  clear  by  eomparing  it  with 
a  case  precisely  similar,  but  which  we  concdve  diff]?rently. 
A  magnet  attracts  a  pennyweight  of  iron^and  in  a  minute 
generates  in  it  a  certain  velocity.  Add  another  penny^ 
.weight  of  iron,  and  the  piece  of  twice  the  weight  and 
bulk  will  acquire  the  same  velocity,  just  as  a  piece  of 
two  pounds  weight  falb  as  fast  as  a  piece  of  one  pound. 
But- join  to  the  pennyweight  of  iron  a  pennyweight  of  hrass^ 
and  the  magnet  will  generate  but  half  of  the  velocity. 
Here  the  same  tendency  of  the  iron  toward  the  magnet 
has  to  drag  along  with  it  a  mass  which  is  without  any 
tendency  toward  the  magnet,  just  aa  the  heavy  body  has 
io  drag  along  the  table  a  body  which  has  its  tendency 
downwiEu^d  taken  away  by  the  table; 

We  must,  in  eveiy  ein^oymeot  of  the  natural  moving, 
forces,  deduct  from  the  whole  force  competent  to  the  snb» 
ject  employed,  the  part  which  is  expended  in  making  that 
subject  follow  up  the  yielding  bodyso  as  to  continue  its 
fiction  on  it     This  deduction  is  frequently  of  difficult  in- 
vestigation, particularly  when  we  employ  thie  strength  of 
tiniknals.    The  proportion  of  their  force  which  is  thus  ex* 
pended,  varies  with  the  velocity  with  which  they  must 
move,  in  order  to  continue  their  action.    A  certain  velo- 
city disables  the  animal  from  accelerating  the  body  any 
more,  because  it  requires  all  its.strength  to  coiftinue  this 
velocity  of  its  own  body.    This  subject  will'be'particu*  . 
larly  considered,  when  we  are  occupied  with  the  perfor- 
piance  of  machines. 
^   338.  We  will  now  inquire  into  the  modifications  of  the 
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motion  produced  by  the  action  of  an  external  force,  wliea 
the  direction  of  the  force  does  not  pass,  the  centre  of  gra-. 
▼ity..  3^c<s,  in  this  case,  aa  equal  accelerating  force  b 
not  exerted  in  every  particle ;  they  will  not  move.  alike» 
some  will  move  faster  than  .otber»«  As  the  body,  is  sup« 
posed  to  retattt  its  continuity  and  its  force,  this  unequal 
motion  of  its  difi^neiit  parts  mn^tt  constitute  a  sort  of  ro^ 
tation  by  which  the  body  will  change  its  attitude.  What 
in  the  beginning  was  the  uppermost,  or  the  foremost^  or 
the  nethermost,'  will  not  continue  so^  Itremains  therefore 
to  be*  consideived^  whether  this  motion  of  rotation  be  re* 
gulated  by  steady  principles,  and  what  is  the  relation 
subsisting  betvoeen  it>and  the  progressive  motions  which 
faavie  bitfieria  ei^ged  all  our  attention,  of  what  ntodifi'^ 
cations  it  is  suscq>tible,  am)  ho  w  :it6  may  be  able  to  direct 
or  modify  it. 

This  is  not  a  matter  of  mere  curiosity*  The  noblest 
mechanical  art  practiced  by  man,  depends  entirely  on 
those  niodtfications ;  I  mean  the  iEU*t  of  working  a  ship^ 
A  riiip  must  be  considered  as  a  body  at  perfect  liberty  tp 
move  In  every  direction,  and  is  susceptible,  of  an  ipfinite 
variety  of  motions  besides,  the  motion  of  progression,  by 
whioh  she  advances  in  her  course.  She  heels  to  leeward  by 
pressure  of  the  wind  on  her  sails.  She  rolh  and  pitches 
by  reason  of  the  continual  shifting  of  her  support  by  the 
waires.  She  is  made  to  yaw  from  her  course  by  various 
buffetings  which  the  different  parts  of  the  hull  receive 
from  the  seas.  She  receives  various  motions,  round  va- 
rious axes,  according  as  the  sails  are  spread  or  trimmed, 
and  acoordmg  as  her  bows  strike  the  water  during  her 
progressive  motion.  All  these  tendencies  to  conversion, 
are  not  only  useless  but  hurtful,  and  must  be  opposed  by 
other  forces,  exerted  by  the  rudder,  in  which  office  a  part 
of  its  directing  power  is  expended,  so  that  the  remainder 
is  frequently,  almost  unable  to  produce  the  conversion  ab- 
aoiutdy  necessary  for  the  safety  of  the  ship.    Thus,  in  • 
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hard  gale  of  wind,  when  it  is  necessary  tof  sail  oti  th^ 
other  tack,  it  is  very  often  impossible  to  turn  the  ship 
round  any  other  way  than  by  going  to  leeward,  which  is, 
in  all  cases,  a  great  loss;  and  in  working  off  a  lee  shore, 
highly  dangerous.     In  cases  of  this  kind,  it  requires  great 
!iagacity  and  judgment  what  movements  to  make,  and  how 
to  make  them,  so  as  not  to  be  baffled  in  the  attempt. 
The  Success  must  evidently  depend  on  the  knowledge  of 
the  effect  which  different  positions  of  the  sails  and  rudder 
will  hav6  on  the  ship,  and  also  of  the  various  beatings  of 
the  waves  upon  her  hull,  in  the  different  positions  which 
the  must  assume.     It  is  therefore  unquestionable  that  a, 
scientific  knowledge  of  the  movements  of  conversion,  and 
the  circumstances  of  force  and  direction  which  modify 
those  movements,  must  tend  greatly  to  enable  the  seaman 
to  profit  by  his  experience,  by  bringing  every  thing  under 
general  rules  and  principles  of  easy  recollection.     Such^an 
intelligent  seaman  will  thus  learn  how  to  trim  his  sails  in 
such  a  manner  that  all  the  tendencies  to  conversion  shall 
balance  each  other,  and  then  the  action  of  the  rudder  is 
iept  ready  ibr  operating  in  a  moment  that  any  occasional 
conversion   may  be  necessary.     The  difference  in  the 
steerage  of  a  ship,  according  as  the  sails  are  trimmed,  is 
most  remarkable ;   when  this  is  injudiciously  done,  the 
helm  is  never  a  moment  still,   but  continually^  shifting 
from  side  to  side,  to  check  the  deviations  which  the  ship 
makes  without  ceasing  from  her  course.     On  the  other 
hand,   when  an  intelligent  seaman  takes  charge  of  the 
&bip,  and  has  set  and  trimmed  her  sails  to  his  mind,  the 
helm  may  be  observed  almost  without  motion,  the  helms- 
man has  scarcely  any  thing  to  do,  and  a  child  may  steer 
the  ship. 

Were  there  no  other  reasons,  these  considerations 
Ahould  recommend  this  branch  of  mechanical  philosophy 
to  the  study  of  a  Briton.  But  it  is  very  interesting  to  the 
philosopher  on  another  account.     This  earth. is  pendulous 
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IB  free  space,  and  at  libertj  to  turn  and  mov^  in  every 
direction.  The  oblate  figure  of  our  globe,'  and  the  un- 
equal gravitation  of  its  difierent  parts  to  the  sun  and  the 
moon,  occasions  an  external  force,  whose  direction  does 
not  pass  through  the  centre  of  gravity.  By  the  action  of 
this  force,  which  is  continually  changing  both  its  direction 
and  its  intensity,  the  axis  of  diurnal  j*evoIution  incessantly 
changes  its  position,  sometimes  pointing  to  one  star  and 
•ometimes  to  another.  This  motion  is  indeed  very 
minute,  but  as  it  is  partly  continued  according  to  a  cer- 
tain rule,  it  occasions  a  continual  accumulation  of  one 
effect,  vie.  a  change  in  the  intersection  of  the  equatorial 
circle  with  the  plane  of  the  ecliptic.  This  has  made  a 
great  and  conspicuous  change  on  the  whole  appearances 
of  the  starry  heavens.  Just  now,  the  whole  heavens  seem 
to  turn  round  the  star  in  the  extremity  of  the  tail  of  the 
smaller  Bear,  urm  minor,  whereas  in  the  days  of  Hippar- 
chus  they  turned  rounds  star  near  the  nose  of  the  Came- 
lopard,  and  all  the  stars  have  changed  their  paths  of 
diurnal  motion,  in  consequence  of  this  prece3sion  of  the 
equinoxes.  | 

We  must  therefore  bestow  some  attention  on  this  sulx- 
ject ;  but  in  this  course  of  elementary  instruction  it  is 
plain  that  nothing  can  with  propriety  be  noticed  but 
what  is  very  simple  and  elementary.  The  subject,  in 
general,  is  one  of  the  most  delicate  and  difficult  in  the 
whole  of  mechanical  philosophy,  and  it  is  only  the  first 
mathematicians  of  Europe  that  have  been  able  to  treat  it 
with  any  success.  It  is  enough  to  say  that  Newton 
made  mistakes  of  primary  importance  in  his  manner  of 
treating  it. 

339.  It  is  first  incumbent  on  us  to  learn  what  change 
is  made  on  the  progressive  motion  by  this  difference  in  tht^ 
action  of  the  moving  force ;  and  here  it  is  somewhat  re« 
markable,  that  notwithstanding  that  the  progressive  mo- 
tion of  Uie  body  is  accompanied  by  a  motion  of  rotation^ 
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in  some  cases,  extremely  rapid,  the  progressiFe  notion  is 
the  safne  a^.Mrhen  the  fonce  acAs  in  a:  lite  passing  tEtDUgh 
the  €eQti)e*of:  gravttf  ^pd.prpdiaces  no  rotatioB.  It  was 
demoB^lza^d  in  dynamies^.  that  if^  any  body  D*  -of  a  coL- 
lection  orsypiem  A^  By  Q^  be  mored.nniformly  in^astraight 
line,  the  eeiitre  of  gravity  moVes  uoifonbljr  ill  the  same  di- 
rection, and  that  its  velocity  is  to  tbat  of  the  baidyi&a^  the 
matter  iu  that  body  is  to  thel  whole  maXt^ar  of  the  BjstMm. 
Therefore,  if  this  mai^ioii  has  been  tbe  eSkct  of  any  for6% 
the  motion  of  the  ^e^Ute  is  affected  inr  the  same. manner 
as  if  this,  force  had  acted:  in  the  same  •direction  oik  salt  tfalK 
matter  of  the  system  ooUe«ted  iit}tba&'Centi:e.'  An4>  since' 
this  isequally  trpe  with  respectr  to  each'  body  of  the  sy^^ 
tern,  it  fidlto^fi  tb«Aiif  oaoh  body  be  moving  ^itt  any  maii- 
ner,  by  the  action -of  differient.ftirc^  the  iiiotioBi  of  the 
centre  isi  tho  sanve  as  if  all  thoseiforoeii  were  iqppUed.to 
the  whoW  matter  of  the.  system* collected:  there*  Hence 
it  followed^  that<  if  equal  and  opposite  foiioes  act  on  aity 
two  bodies^  or  on  every  pair:  of  bodies  of}  th^.systetkv  tile 
motion  of  the  centre  is. not  oflTected  by  those  eqaal  and < op- 
posite forces,  because  the  equal  and  o][>posite  motions  ro' 
aulting  from  this  action  compensate  one  another.  There- 
fore, if  a  system  of  bodies  are  moving  in  suoh  a  manner 
that  they  cannot  contipue  (heir  motions  without  disturb- 
ing one  another,  either  by  collision^  or  because  they  are 
joined  to. one  another  by  rods  or  strings,  this^  d{sturbance 
consists  in  mutual  action,  each  of  which  is  accompanied 
by  an  equal  reaction  in  tbe  oppc^tte  direction.  Sdch  a 
system'  must  therefore  be  considered  as  acted  on  by  e^ual 
and  opposite  forces;  and  the  motion  of.  the  centre  is  the 
same  as  if  they  did  not  act  on  one  another  at  al}.  If  the 
centre  was  at  rest  while  their  motions  were  not  disturbed 
by  one  another,  it  will  continue  at  rest  notwithstanding 
the  disturbance  or  total  change  of  the  individual  motions, 
and  if  it  was  in  motion,  it  will  continue  moving  in  the 
same  directiop^  and  with  tjie  same  velocity  as  befor?' 
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340.  No#  anj  solid  or  cohering  body  is  such  a  system^ 
consisting  of  parts^  which  are  so  connected  by  material  in^ 
lerpositions,  that  one  part  cannot  move  in  any  direction 
Vhatever,^  without  either  dragging  the  adjoining  pointa 
along  with  it,  or  pushing  them  before  it,  or  turning  them 
bside,  in  one  way  or  another ;  and  these  actions  of  the 
parts  or  particles  of  the  body  are  all  mutual,  equal,  and 
Opposite.  In  whatever  manner  the  particle  a  affects  any 
remote  particle  p,  the  particle  p  affects  a  in  a  waypre^ 
cisely  equal  and  opposite*  Therefore^  whatever  motions 
may  be  occasioned  to  the  different  parts  of  this  body  by 
their  mutual  connection^  the  motion  of  the  body,  produced 
by  the  action  of  any  external  force  or  forces,  is  not  affect^ 
ed  by  th^m^  it  being  estimated  and  measured  by  the  mo* 
tion  of  the  centre:  We  have  seen  that  when  a  force  p 
acts  on  a  body  containing  the  quantity  of  matter,  or  num^ 
ber  of  particles^  in  a  direction  passing  through  the  cen^ 
Ire  of  the  body,  it  causes  the  whole  body  to  advance  with 
the  velocity  ;d,  generating  the  quantity  of  motion  mv  =ip. 

Every  particle  is  affedted  by  the  accelerating  force  — ,  and 

m 

•  •  •  • 

advances  with  the  velocity  v. 

Now  let  the  same  force  p  =zmv  act  on  the  same  body^ 
but  in  a  direction  which  does  not  pass  through  the  centre. 
The  body  will  both  advance  and  turn  round  ;  some  pari0 
will  be  moving  faster  than  others,  and  in  other  directions, 
and  some  may  even  be  moving  backwards.  But  the  mo- 
tion of  the  centre  of  gravity  will  be  the  same  as  in  the  la^t 
case,  it  will  move  in  the  same  direction,  and  its  velocity 
will  be  17  as  before. 

It  is  plain  that  the  centre  of  gravity  will  still  describe  a 
straight  line,  but  that  the  other  parts  of  the  body  must  be 
moving  in  curve  linesi  of  various  curvature^  according  to 
their  position  respecting  the  centre,  just  a^  we  observe  in 
a  coach  wheel  rolling  along  a  smooth  road.  .  The  centre 
.  of  the  wheel  describes  a  Jine  parallel  to  the  road ;  buib  the 
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^her  parts  are  domtiimes  above  tke  centra  and  somatinnes 
ImIow:  it,  sometimM  befove  it  and  sometimes  bel^ind.         ^ 

We  must  noir  endeavour  to  ascertain  this  motion  of 
Mlatipq,  shewing,  Isl,  The  position  of  the  axis  round 
which  this  rotation  is  perfarmed  ;  and  9<%,  The  velocity 
of  this  cotatioUf  or  the  relation  subsisting  between  it  and 
the  motion  of  progression; 

For  this  purpose,  we  shali  begin  with  a  case  of  siiqh 
iiimpUcitj  that  we  shall  be  assisted  in  ot^r  first  nptions  of 
the  subject  bj  the  ordinary  suggestions  of  common  senses 

941.  Let  A  and  B  (Flate  IV.  fig.  10.)  be  two  equal  b^Us^ 
connected  by  an  inflexible  line,  of  which  G  is  the  middle 
point,  and  copsequently  the  centre  of  gravity  of  the  sys- 
tem. L^t  AB  be  so  divided  in  P  that  AP  :  PB  =s:  8  :  1. 
Now  suppose  that  a  force  acts  on  this  system  at  the  point 
6,  at  right  angles  to  AB,  and  let  its  intensity  be  such  that 
in  a  given  moment  of  time  it  would  catise  the  system  to 
describe  the  small  space  GI,  perpendicular  to  ABi  From 
ifhat  haa  been  already  said,  it  follows  thi^t  the  tw6 
balls  will  sustain  equal  impressions,  and  will  th^efora 
move  equally  fast;  and  that  at  the  end  of  the  move- 
ment^ the  system  will  have  the  position  ab  parallel  to 
AB. 

But  let  us  now  suppose  that  the  same  force  has  acted 
on  the  system  in  the  point  P,  and  still  in  the  same  direc- 
tion, perpendicular  to  AB.  We  have  just  now  learned 
that  the  motion  df  the  centre  G  will  be  the  same  as  in  the 
former  dase.  It  will  still  be  at  I  at  the  end  of  the  mo- 
toaeat^  and  will  continue  to  move  unifbrmly  forward  ill 
that  direction  61  jf.  But,  in  order  to  ascertain  the  place 
of  the  two  balb  at  the  end  of  the  moment,  we  must  know 
their  motions.  And  we  must  learn  this  by  means  of  our 
knowledge  of  the  forces  or  pressures  by  which  they  are 
urged  forward.  We  learn  this  by  inquiring  what  forces, 
applied  to  A  and  B  in  the  opposite  direction,  will  prevent 
them  from  acquiring  this  motion^  that  is,  will  just  balance 
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A e  fofct  apifliad  at'  P;  Now  we  harie  seen  that  these 
fbrees  mutt  be  in  the  inrerse  prc^rtion  of  the  duUnces 
(^r  P  from  the  balls.  Therefore  the  force  or  prdssure 
Which  urges  ti  intd  m^tidn  is  double  of  that  which  acts  oa 
A»  and  therefore  will  produce  a  doubb  motion.  The  ta< 
dpient  motion  of  B  idll  be  double  of  that  of  A,  and»  at 
the  end  of  the  moment,  the  balls  will  be  in  such  positiona 
that  Bfi  is  double  of  A«.  Therefore  the  line  m^  is  no 
longer  paraUel  to  ABj  but  cuts  it  in  C,  so  that  BC  is  dou** 
ble  of  AC.  But  the  centire  O  having  moved  over  tha 
iame  space  61  as  in  the  fbrmer  ease,  it  is  plain  that  the 
line  $  m  must  cut  the  pdsition  6  a  df  the  fortnor  case  ill  the 
point  I. 

Thus  wfe  see  thilt  tbif  system  AB  has  changed  its  atti'* 
tude  lis  well  as  its  situation j  and  that  this  change  of  atti^* 
tude  is  the  beginning  of  a  rotatibn  rbuiid  the  poSnt  G, 
which  point  alone  moves  aniformljr  in  a  straight  line  in 
4be  direction  of  the  moring  fdrc^.  This  rotation  com- 
nnences  round  an  aicis  which  passes  through  the  cedtte  of 
gravity  O,  {terpendieular  to  the  plau^  of  the  figure.  For 
the  motions  of  the  two  balls  being  parallel  to  the  direction 
FiP  of  the  moving  forc^,  and  to  the  lihe  GI  described  by 
the  centre,  are  necessarily  iii  the  same  plane  with  those 
lines  and  the  line  AB.  Sidce  they  are  motions  of  rotation 
round  an  axis,  each  bd)  describing  the  circumference  of  a 
rirfAe  round  it,  this  axis  must  be  perpendicular  to  the 
planes  of  those  circles. 

342.  Let  us  now  consider  the  momentaty  rotation,  and 
its  relation  to  the  motion  of  progression.  6iippose  the 
line  BC  to  be  connected  with  the  balls,  and  to  be  turning 
along  with  them.  Since  the  motion  of  the  balls  has  been 
such  that  the  lihe  BC  is  not,  at  the  end  Of  the  moment, 
in  the  position  &  I  c,  parallel  td  BC,  but  is  inclined  back- 
wards so  as  to  fcut  its  former  position  in  the  point  C,  it 
iqppears  that  the  point  c  has-been  inoying  backwards  whQe 
G  was  advancing  along  GI;    If  about  the  centre  I^  with 
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the  radius  I  c,  we  ^escribe  a  small  arch  baekwardt,  it  mil 
sensiblj  coincide  with  the  line  c  C  which  is  parallel  to  16. 
The  situation  of  the  extremity  of  the  revolving  line,  in^^ 
stead  of  being  in  c  will  be  (as  to  all  sense)  in  C,  so  that 
the  line  itself,  instead  of  seeming  to  have  tamed  round  G, 
seems  rather  to  have  turned  round  C.  For  the  upper  end 
«f  it  is  still  in  the  same  place.  This  is  actually  observed 
in  many  instances.  If  a  flat  ruler,  such  as  a  gunter*s 
scale,  lying  on  a  table,  be  struck  laterally  with  a  small 
blow,  at  a  point  about  gds  Or  fths  of  its  length,  it  Will  ttim  la 
this  very  way,  one  end  remaining  stilL  But,  to  return  to 
the  two  balls,  we  see  in  this  momentary  motion  the  begins 
ning  of  a  rotation,  such  that  while  G  advances  a  small 
space  GT,  C  describes  (backwards)  an  arch  of  a  circle 
equal  to  GI«  Suppose  this  arch  to  be  one  degree.  Then 
jtwill  go  completely  round  while  G  moves  over  a  line 
360  times  greater  than  GI.  We  may  therefore  state  the 
jrelation  of  the  rotative  and  progressive  motions  by  sayings 
that  the  system  makes  one  revolution  while  the  centre  de- 
scribes a  line  equal  to  the  circumference  of  a  circle  whose 
.radius  is  GC« 

Having  examplified  this  combination  of  motions  by  this 
very  ^in^ple  and  palpable  case,  we  shall  now  consider  the 
subject  more  generally.    But,  that  we  may  avoid  some 
part  of  that  complication  of  action  which  renders  the  con- 
sideration of  the  subject  very  intricate,  we  must  still  limit 
our  attention  to  certain  forms.    We  have  seen  that  by 
applying  the  force  at  P  below  the  centre  of  gravity,  the 
•  system  of  two  balk  gets  an  incipient  rotation  round  the 
.point  C  above  or  beyond  the  centre.    In  like  manner,  had 
it  been  applied  to  the  right  hand  of  the  centre,  it  would 
have  produced  a  rotation  round  some  point  on  the  left 
hand  of  it    We  therefore  confine  our  attention  at  present 
to  such  shapes  of  body  as  have  a  middle  plane,  dividing 
.  the  body  tl|rough  the  centre,  and  having  the  matter  simi- 
.  larly  disposed  on  both  sides*     Such  are  all  (he  solida 
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ibnned  by  the  revolution  of  a  plane  figure  round  an  axis. 
Such  are  all  the  regular  solids,  all  prismatic  bodies,  and  » 
great  variety  of  others.  We  shall  farther  suppose  tnat 
the  impelling  force  acts  in  this  dividing  plane.  Thus  we 
aivoid  any  chance  of  rotation  round  an  axis  on  either  side 
of  this  plane.  Even  with  this  limitation,  we  shall  have 
the  same  internal  mechaniam  as  in  the  cases  that  are  ex- 
cepted, and'  shall  see  that  those  exceptions  make  no  difTer^^ 
race  in  the  general  results. 

Since  the  effect  of  a  force  applied  to  a  solid  body  in  a 
line  passing  through  its  centre  of  gravity,  is  to  impress  on 
€very  particle  an  equal  accelerating  force  in  its  own  direc** 
tion,  and  since  it  was  also  demonstrated  that  such  equal 
tod  parallel  forces  did  not  affect  the  relative  motions  and 
actions  of  bodies,  it  follows  that  thb  force,  so  applied^ 
will  make  no  change  in  any  motion  of  rotation  that  th^ 
body  may  already  have, 

Now,  let  a  solid  body,  of  the  class  which  has  been  sef 
lected  for  this  introduction,  be  acted  on  by  a  force  in  th^ 
direction  FP  (Plate  IV.  fig.  4.)  in  the  plane  which  passes 
through  the  centre  of  gravity  G,  and  divides  the  body  in 
the  manner  already  mentioned,  but  so  that  the  direction 
FP  does  not  pass  thi-ough  the  centre, 

Let  p  express  the-  magnitude  of  the  force,  or  the  quani* 
tity  of  motion  which  it  would  generate  by  acting  uniformly 
for  some  given  moment  gf  tim^,  and  let  m  express  the 
number  of  equal  particles,  or  the  quantity  of  matter  in  the 
body.     This  force  will  commu't^icate  to  the  centre  of  gra* 

vity  6  of  this  body,  the  velocity  ■^,  causing  ft  to  describe 

some  line  GI  parallel  to  FP.  Suppose  that,  at  the  same 
ioatant,  an  equal  force  is  applied  to  the  centre,  in  the  op. 
posite  direction.  It  is  evident  that  all  progressive  motion 
of  tbe  centre  is  now  prevented.  But  it  is  as  evident  thai 
there  mi)st  be  a  rotation;  for  the  two  forces,  though 
f  ^ual,  are  not  directly  opposed  to  each  other^ 
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Now  let  n  third  force,  Also  equal  to  p^  and  Aotisg  in  thd 
BBLtkt  or  a  paifallel  dkectioa,  act  on  the  centre  of  the  bodf  • 

This  will  cause  the  body  to  inove  with  the  yeh>city  ~ 

and  will  make  no  change  in  the  rotation  aireadj  prodtioed. 
The  body  must  (at  I  have  said)  more  with  the  Telocitj 

— ,  because  now  the  Ifodj  is  in  the  same  state  as  if  nei« 
Ya 

ther  force  had  been  iqppli^d  at  the  centre,  and  aS  when 

the  first  force  p  alone  waa  applied  at  F.    But  we  made 

use  of  those  forces  in  order  to  shew  the  certfunty  of  the 

rotattoiii  without  making  it  different  from  what  the  force 

p  alone  wiU  produce. 

Since  the  centre  must  advance  in  a  straight  UHe,  it 
does  not  partake  of  the  rotation.  This  must  therefore 
be  performed  round  the  centre,  or  round  an  aacis  passing 
through  the  centre.  In  order  to  find  the  position  of 
this  axis,  we  must  recollect  that  the  rotatioti  is  the  same 
is  when  p  was  iipplied  at  F,  and  an  opposing  forp^  was 
applied  at  the  centre.  In  this  case,  the  motion  of  the 
point  F  results  from  the  aetion  of  the  force  in  the  direc« 
tion  FP,  and  that  of  the  other  force  at  G,  propagated  in 
the  direction  GF.  The  incipie^t  motion  of  F  must  there^ 
fore  be  in  the  plane  of  these  two  forces,  that  is,  the  plane 
of  NFG,  that  b,  in  a  plane  passing  through  the  centre  of 
gravity,  in  the  direction  of  the  nioving  force,  and  the  axis 
round  which  the  bpdy  turns  is  perpendicular  to  this 
plane. 

We  shall  see,  in  due  time,  why  this  is  limited  to  the 
incipient  motion,  and  what  circumstances  make  any  change 
in  it  afterwards. 

343. -The  next  object  is  to  ascertain  the  relation  be- 
tween the  progressive  and  rotative  motions.  This  ia 
inost  conveniently  determined  by  the  space  described  by 
the  centre  during  one  revolution  of  the  system.  It  ma^ 
be  enounced  in  the  following  manner. 
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Xet  6P  (Plate  IV.  fig.  1 1.)  be  drawn  frdm  Ibe  cinite  of 
gjttriijf  perpendicular  to  FP,  the  direction  of  the  moritig 
forte.  Let  n  express  anj  particle  or  portion  of  the  whole 
matter  v^  of  the  body,  and  let  r  express  its  radius  rector, 
•r  distance  from  the  aicis  of  rotation  passing  through  the 
centre  of  gravity.  The  bodj  will  make  one  revolution 
while  its  centre  (7  describes  a  line  eqUal  to  the  circumfer* 

tnce  of  a  circle  whose  radii^s  is  CG,  =r        ■  ■ 

wiGP 

For  it  is  verj  obvious  that  when  a  body  both  advances 
and  turns  round  an  axis,  a  point  maj  be  taken  in  a  line 
connected  with  that  axis  ^and  turning  with  it,  at  such  a 
distance  from  the  ^xis,  that  its  velocity  of  rotation  ahall  be 
equal  to  the  progressive  velocity  of  the  centre.  Therefore 
if,  in  the  line  PG  produced,  we  take  the  point  C  so  situ- 
jited,  it  follows  t^at  the  motion  of  that  point,  by  its  rota- 
tion round  the  axis,  is  equal,  and,  in  this  instant,  is  oppo- 
site to  the  motion  ot  the  centre,  and  therefore  compensate! 
it,  so  that  C  is  at  rest  in  absolute  space.  \Vith  the  centre 
G,  and  radius  GC,  describe  the  circle  CV^.  Draw  the 
radius  vector  GA,  producing  it  till  it  meet  the  circle  In  V. 
Xiet  GI  be  the  velocity  or  uniform  motion  of  the  centre  in 
some  small  moment  of  time.  The  motion  of  the  point 
V  is  compounded  of  the  rotation  V  sr  in  the  tangent,  equal 
to  GI  and  the  progressive  motion  V  r,  also  equal  and  pa- 
Aillel  to  GI.  It  therefore  moves  in  absolute  space  with 
the  velbcity  and  in  the  direction  V^,  the  diagonal  of  the 
rhombus  V  vy  2.  Draw  ss  G,  and  from  A  draw  A  d  paral- 
lel to  V  JT,  meeting  x(jr  in  d^  and  A  b  equal  and  parallel  to 
GI,  and  produce  it  till  it  meet  CP  in  £!.  Complete  the 
parallelogram  Abedj  and  draw  the  diagonal  A e,  produc- 
ing it  till  it  meet  CP  in  H.  Join  CV  and  CA.  It  is 
plain  that  A  e  is  the  absolute  motion  of  the  particle  A, 
being  compounded  of  the  progressive  motion  A  b  equal  to 
GI,  and  A  d  the  rotative  motion  of  ^  round  the  centre  of 
gravitjf. 
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The  line  Vv  being  parallel  to  61,  is  peqiendicutar  to 
CG,  and  vy^  being  parallel  to  V  z^  is  perpendicular  to  V6, 
Therefore  the  angles  V  vy  and  C6V  are  equal,  and  the 
isosceles  triangles  Yvy  and  CVG  are  sintilar.  There- 
fore  the  angle  CVG  is  equal  to  the  angle  vWy^  or  its 
equal  zVy,  Add  the  angle  G V  y  to  both,  and  the  angle 
CV  y  is '  equal  to  the  right  angle  GV  x^^  and  CV  is 
perpendicular  to  Yy.  Again,  A  &  is  perpendicular  to  CG, 
and  6  e  is  perpendicular  to  AG.  Therefore  the  angle 
CGV  |s  equal  to  the  angle  A ( e.  Also  Ab  :  be  =  Ab  : 
A  rf,  =  V  ;y  ;  A  d,  =  VG  :  AG,  =  CG  :  AG.  Therefore 
the  triangles  ^f  A  and  GAC  are  similar,  and  the  an- 
gle CAG  is  equal  to  the  an^Ie  A  e  ft  or  d  A  e.  Tak0 
awaj  the  common  angle  GAc»  and  the  remainder  CAc 
is  equal  to  the  repiainder  d  AG,  and  is  therefore  a  right 
angle,  and  A  c  is  at  right  angles  to  AC. 

Since  what  has  now  been  demonstrated  in  relation  to  the  . 
particle  A  is  equally  true  of  another  particle,*  it  follows 
that  the  incipient  absolute  motions  of  every  particle,  re- 
sulting from  the  cojnposition  of  these  progressive  and  ro- 
tative motions,  are  found  to  be  at  right  angles  with  the 
lines  joining  the  particles  Kith  the  point  C,  or  with  an 
axis  passing  through  C,  perpendicular  to  the  plane  NFG. 
And  since  the  point  or  c^is  C  is,  in  that  instant,  without 
motion,  and  jet  the  body  is  turning  round  while  moving 
forward^  the  particles  are  turning  round  the  niomentary 
axis  in  C.  This  is  a  curious  example  of  the  composition 
of  motions,  and  we  shall  see  presently  that  it  is  of  very 
frequent  occurrence,  and  that  a  clear  conception  of  it  will 
greatly  assist  us  in  the  discussion  of  many  difficult  and 
important  questions. 

It  is  obvious  that  when  the  circle  CVB  turns  along 
with  the  body,  it  rolls  along  the  line  CC  parallel  to  GI, 
as  a  coach  wheel  rolls  along  a  level  rpad,  and  that  point 
of  the  circumference  which  is  in  contact  with  the  line 
CC  is,  in  that  instant,  without  motion.    This  point  of 
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contact  ir  therefore  the  momentaiy  centre  of  motion  fbr 
eveiy  particle  of  matter  in  the  body.    They  are  all  be- 
ginning)  as  it  were,  to  describe  concentric  arches  having 
thb  point,  or  the  axis  passing  through  this  point,  for  the 
centre.    We  are  here  speaking  of  their  real  absolute  mo-^*^ 
(ioBs  in  free  space.    For,  as  the  body  is  not  supposed  ta 
change  its  form,  the  particles  are  also  turning  round  the 
centre  of  gravity  G,   while  it  is  carried  forward  in  t^ 
straight  line.     When  we  consider  the  motions  more  par- 
ticularly, we  find  that  the  point  O  describes  a  successioi| 
of  cycloids,  having  the  lipe  CC"  for  their  base,  and  that 
all  the  other  points  of  the  circumference  CVB  describe 
cycloids,  the  particles  within  and  without  this  circum-"^ 
ference  describing  epicycloids,  contracted  or  elongated,  ac«f 
cording  to  their  situation.    The  centre  of  gravity  G  alone 
describes  a  straight  line.     In  every  position  of  the  body, 
every  particle  is  moving  at  right  angles  to  the  line  joining 
it  with  that  point  of  the  circumference  CYB  which  is  in 
contact  with  the  line  CC,  and  the  velocity  of  every  par- 
ticle is  as  its  distance  from  that  point.     For  as  V^  and 
A  e  are  described  in  the  same  time,  and  the  angular  mo^ 
tion  of  all  the  body  is  the  same,  the  angles  VC^  and  ACe 
are  equal,  and  therefore  the  triangles  are  similar,  and 
V  ^ :  A  e  =  VC  :  AC,  tliat  is,  the  absolute  velocity  of  the 
particles  are  as  their  distances  from  C. 

The  facts  have  now  been  stated  and  described,  and  we 
mu9t,  in  the  next  place,  shew  how  all  these  motions  are 
produced  by  the  exc^ntric  impulsion  of  the  moving  fqrccj 
and  by  that  means  we^may  determine  the  situation  of  the 
axis  of  conversion  thus  assumed  by  the  body.  It  is  plain, 
in  the  first  place,  that  the  moving  force  P  is  equal,  to  the 
sum  of  all  the  forces  which,  when  applied  at  F,  in  the 
direction  FP,  produce  all  these  motions.  There  is  no 
other  source  from  which  they  can  be  derived.  We  ha^e 
iqonsidered  P  as  a  force  which  generates  the  quantity  o( 
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motion  m  v«  Therefore  v  is  the  veloeitj  <rf  th^  centre^  bjr 
which  it  describes  61  in  some  moment  of  tinte.  A  por* 
iioik  of  tbi^  force,  which  we  miijr  distinguish  as  elemental 
hj  the  symbol  m  e,  is  emplojed  in  producing  in  the  pftr^ 
ticle  iV  the  motion  A  «,  which  it  is  observed  to  take,  #icfa 
a  velocity  which  is  to  the  velocity  in  C  or  in  N,  that  is, 
to  the  velocity  v,  as  CA  to  CG.     We  have  therefore 

CG  :  CA  =  V  ;    '  p     and  the  vdocity  of  A  ii  expressed 

ex[M*e8s  the  quantity  of  motion  in  A,  if  all  the  particles  be 
supposed  equal,  and  be  expressed  by  unity* 

'th^  method  which  we  adopted  for  discovering  the 
force  excited  in  any  remote  point,  by  the  iK^tion  of  a 
known  force  at  another  point,  was' by  finding  the  proper- 
(ion  of  t^wo  forces  which  would  balance  the  body  between 
them,  when  applied  to  those  points,  in  the  same  direc- 
tions ;  and  they  were  ascertained  to  b^  inversely  as  the 
perpendiculars  on  their  directions,  drawn  from  the  point 
to  which  the  third  force  requbite  for  completing  the 
balance  was  applied.  We  make  use  of  G  a^  the  tbir4 
point  on  this  occasion,  because  it  is  really  a  fixed  po^nt, 
remaining  at  rest,  and  contributing  to  the  excitation  of 
the  force  at  A,  which  gives  it  the  motion  A  ^-  C  is  at 
rest,  in  consequence  of  the  mutual  compensation  and  ha^ 
lancing  of  all  the  forces  which  are  acting  on  it  in  the  in- 
stant of  our  examination.  We  are  not,  at  present,  inte- 
rested in  knowing  the  magnitude  of  any  o£  thos^  forced. 
It  is  enoiigh  that  C  is  supported.     Therefore  to  find  the 

force  mv  at  F,  which  produces  the  velocity  -ttt-t  Jb  A» 

t?  CA       • 
Vistitute  the  following  analogy,  CP  :  C A  ss  -4^  :  m  t^^ 

•        f>  CA* 
TThis  gives  ^  o  c:  ^^^^  :  therefore  taking;  in  the  mo^ 
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fionei  of  all  the  particles^  we  hftve  ^  v,  or  m  «»  ^ 

V.  /CA« 

^-^'    Now  (Elem.  ll.  12  Be  13.)  We  UVe  CA«  ^a 

GA''  +  GC<  =±=  2  GC,  EG,  aooordiag  as  C£  is  greater 
or  less  than  CG. 

ThereforeyCA*  ^J^GrA*  +yCG«  =4=  8  CG  J^EQ. 
But /*CG«  =  m .  CG«,  because  CG  U  an  invariable  Ufie* 

And  =lr  2  CG  -/EG  is  =::  «^5  because  the  sum  of  all  the 

+  EG  is  equal  to  the  sum  of  all  the  —  EG^  by  the  na* 
ture  of  the  centre  qf  gravity. 


.^^■i^hHi^ri 


t>./*GA« +«.GG« 
Therefore  we  hare  t»  »  =  — — pp  w^    ' 

Therefore  mv.  CP.  CG  ==»./*  6A«  +  m».  CO',  <* 

I  «• 

w.  CP.  CG  =y  GA*^  +  w.  CGS  and 

yCrA"  =  m.  CP.  CG  —  m.  CG*,  =  m.  GP.  CG. 

/GA-  /«t.s 

T?herefore,  finally,  CG  =  < — tttj-,  =  ^     ^^. 

.  Thus  have  we  obtained  the  radius  of  the  circle,  whose 
circumference,  unfolded,  is  the  space  described  by  the^ 
centre  while  the  body  makes  one  revolution. 

There  is  another  way  in  which  we  may  proceed  in  the 
jakne  investigation,  which  has  the  advantage  of  pointing 
out  something  of  the  internal  procedure  in  producing 
those  motions.  We  may  examine  how  it  happens  that 
all  the  forces  which  act  on  C  come  to  compensate  each 
x>ther.  We  may  ascertain  CG  by  means  of  this  circumr 
stance,  that  they  are  all  balanced  in  that  point. 

A  force  NF  is  applied  at  F,  in  the  direction  FP,  and 
we  wish  to  know  what  effect  is  produced  on  C,  in  conse- 
quence of  the  particle  A  being  dragged  into  the  motioi^ 
Jk  e  by  the  material  connection  between  the  three  pointi 
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F,  A,  and  C.  Now  the  forces  which  are  mutually  exerted 
at  these  three  points  are  such  as  would  balance,  if  applied 
there  in  the  same  directions.  And  the  three  directions 
are  either  parallel,  or  thej  meet  in  one  point.  In  the 
present  case,  NF  and  A  c,  which  are  two  of  the  forces, 
meet  in  O.  Therefore  draw  OC  r.  Then  C  r  is  the  di- 
rection  of  the  excitement  in  C  by  such  an  action  at  F  as 
produces  the  motion  A  e  in  A.  Draw  FE  and  PL  per« 
pendicolar  to  AO  and  CO.  Also  make  the  parallelogram 
Kgtfy  expressing  by  A /and  A  g-  the  strains  on  the  con- 
nections with  F  and  C.  Make  F  A  =  A/,  and  complete 
the  parallelogram  A  F  t  N.  Make  C  y  =  Ag*,  and  com-^ 
plete  the  parallelogram  ^Cpr.  Make  Jfc  O  =  A  f ,  and 
complete  the  parallelogram  kmnO,  Lastly,  draw  k  t 
perpendicuUr  to  PO.  We  shaQ  find  from  the  process 
that  Ft  =  Cji,  and  C  r  =  On,  and  NF  =  wO. 

It  is  plain,  from  the  investigations  in  a  preceding  article, 
that  A;  O,  O  n  (or  ^  n)  and  O  m  are  as  the  balancing  forces 
at  A,  C,  and.F.  Also  kO  was  taken  equal  to  Ae,  the 
force  at  A. 

Now        Ar  O  ;  *:m  =  sin.  COP  :  sin.  itOP,  =  PL  :  PK 
kmi  tm=:QO  :  PO,  =  CP  :  PL 

therefore  &  O  3 1  m  =  CP  :  PK. 

Now  t  ♦»  expresses  the  force  C  r,  reduced  to  the  direction 
parallel  to  PO,  that  is,  to  the  direction  of  the  motion  of 
C  in  its  rotation  round  G.  When  all  thesd  forces  t  m 
balance,  C  is  at  rest.  Therefore,  putting  for  k  O  the  value 

which  we  found  for  A c,  w^  have  CP :  PK  =  '^'^A  ; 

^Mi'  =  (^'"»«  C  A :  CE=HP :  PK)  ^^^f^, 

_p.CE.CP--CE.CH    _  p  .  CE  .  CP  ~  CA« 

CP  .  CG  ' CP.CG *  = 

tiie  force  at  C,  arising  from  the  reaction  of  A.  Therefore 
.t;he  7hol«  forces  at  C,  arising  from  the  reaction  of  all  the 
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^.  ,      .        V  .  CP  VCE  — r/cA«      -  ^    . 
partieles,  is  =  CP    CG     '  *"°* 

of  aH  the  lines  such  as  C£  is  m .  C6,  by  the  nature  of  the 
centre  of  gratity^  therefore  the  whole  forces  acting  at 

p .  CP  .  w  >  CG  —  t?  .JCA*        t> .  CP .  fit .  CG 
g  are  -  CP  .  CG  >  ^         CP  •  CG 


—  ^p  p.Q^,  that  IS,  »i  t) — "cFCG*     ^^*  ^^         already 

©/ CA* 
seen  that   ^5-7777  is  equal  to  m  v.    Therefore  the  forces 

acting  at  C  aremo— -tnr;  that  is,  there  is  a  complete 
compensation  of  opposing  forces,  in  the  ferj  instant  of 
impulsion,  and  C  remains  at  rest 

On  the  other  hand,  inferring  from  the  fact  that  C  re- 
mains at  rest,  this  mutual  compensation  of  forces,  we 

,     c.CP.m.CG  — i?/cA«  ,  ^      ,, 

make CP  CG     ^  ^'  consequently 

mv .  CP .  CG  =yi> .  CA«,  which  is  = .  vJ'gA^  +mv  CG«. 
Therefore,   m  .  CP  .  CG  —  m  .  CG«  =y^GA«,   that  is, 

m  .  GP .  GC  =7^AS  and  CG  =*^^^  as  before. 

^  m.  GP 

The  manner  in  which  this  theorem  is  usually  demon- 
atrated  by  the  mechanicians,  is  more  familiar,  but  it  b  not 
so  immediately  deduced  from  the  actual  state  of  things, 
viz.  a  body  in  free  space,  and  unobstructed  by  forces  of 
any  kind.  They  begin  as  we  did,  by  supposing  the  body 
impelled  at  F,  in  the  direction  FP,  and  resisted  by  an 
equal  and  opposite  force  at  the  centre  of  gravity.  The 
rotation  is  then  strictly  performed  round  that  centre,  yet 
'  does  not  differ  from  what  it  would  be  without  this  oppos- 
ing force.  This  supposition  makes  A  move  in  the  direc- 
tion and  with  the  velodty  A  d,  while  G  has  the  velocity 
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GI.     We  have  GA  :  GV  =  Ad :  V  ^  (=Gt  =  »),  and 
then  GV  :  GA  z±  v  :  -gy-*  =    -q/s   >  from  which  wrf 

"  /GA* 

dbUiii}  9A  hf  the  bthlfr  methods^  CO  ^^ — ^p^^ 

But  this  method  ia  not  sd  unexceptionable  as  those 
which  we  ha^e  fdlloWed,  the  state  of  things  being  so  very 
different,  nor  does  it  so  imoiediatelj  suggest  the  compo- 
fkioD  of  tb^  two  motions. 

The  intelligent  reader  has  perhaps  remarked^  that  th^ 
investigation  of  this  theorem  now  before  him  proceeds  on 
the  supposition  that  all  th^  particles  of  the  body  are  In  thd 
plane  of  the  figure,  whereas  some  are  above  and  some  be* 
low  or  on  tha  other  side  of  that  plane,  and  it  may  be 
doubted  whether  this  simplification  of  the  question  be  ad^ 
missible.  But  a  little  reflection  will  show,  that  our  con- 
cIusioQf  are  legitimate*  at  least  with  respect  to  tbe  limited 
class  of  forms  that  we  are  considering.  We  may  suppose 
nil  such  bodies  resolved  into  little  prismatic  elemenUj  aU 
of  them  perpendicular  to  the  plane  of  the  figure,  and 
therefore  parallel  to  the  asi^  of  rotation  in  C,  or  in  G» 
which  is  also  perpendicular  to  that  plane.  The  whole  of 
one  of  those  prisms  being  equidistant  from  the  axis,  every 
atom  of  it  has  tbe  same  angular  motion,  and  requires  the 
same  expenditure  m  v  of  the  force  to  excite  it  into  motion 
as  if  it  were  in  the  plane  of  tbe  figure.  It  is  attached  to 
this  plane  by  its  middle^  or  its  centre  of  granty,  and 
therefore  both  halves  of  it  will  be  equally  urged  forward. 
We  shall  see  by  and  by  what  other  circumstances  must 
be  attended  to,  when  these  dementary  prisms  are  not  bi- 
sected by  the  plane  passing  through  the  centre  -  in  the  di- 
reetion  of  the  impelling  force.  In  the  mean  time,  we 
learn  all  the  chief  (Hroperties  of  this  motion  without  the 
embarrassment  arising  from  a  farther  complication.  We 
may  now  consider  a  number  of  consequences  of  this  fna* 
damental  proposition^ 
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Cor.  1.  The  angular  velocity  of  this  motion,  measured 
as  usual  by  the  number  of  tevohitKHis  made  in  a  given 
time,  or  by  the'  velocity  of  some  point  whose  distance  fix>m 
the  axis  is  unity,  is  proportional  to  the  impelling  force. 
For  the  velocity  acquired  by  the  centre  of  gravity  being 
the  same  as  if  the  body  had  no  rotation,  and  this  being 
proportional  to  the  force,  the  time  of  describing  the  line 
equal  to  the  circumference  whose  radius  is  CG  is  diminish- 
ed in  the  same  prdpottion,  or  the  number  of  such  circum- 
ferenoes  described  in  some  ^ven  time  is  augmented  in  the 
same  proportion ;  therefore  the  number  of  revolutions  made 
in  a  ^ven  time  is  incre^med  in  that  proportion. 

Cor.  S.  The  angular  velocity  .is  also  proportional  to  the 
distance  6P  from  the  axis  of  gravity  at  which  the  body  is 
impressed  by  the  moving  force.  For  CG,  and  consequent- 
ly the  circumference  to  be  described  during  one  revdutiont 
is  inversely  as  GP.    Because,  when  the,  body  b  given,  the 

quantity /GA'  is  invariable^  in  whatever  pcunt  P  the  power 
shall  act.     Since  m .  GC  •  GF  b  equal  to  thb  constant 

quantity /G A*,  GC  must  be  inversely  as  GP»    Therefore 

the  space  described  in  the  time  of  one  revolution,  and  con- 
sequently the  time  of  describing  it,  is  diminished  in  the 
same  proportion. 

/ga* 

Cor.  9.  If  GC  be  taktn  ts=^^^ — g^,inthelineperpendi. 

cidar  to  FP,  the  point  C  will  remiun  at  rest  in  the  first 
moment  of  the  motion.  For  this  reason  C,  determintd  in 
this  manner,  b  called  the  sponkmeoua  centre  qfconvereion* 
Cor.  4.  The  distance  CP,  between  the  point  of  impul- 
sion and  the  spontaneous  axb  of  c<mver^on  b  equal  to 

/pa*  fcA} 

- — sr^i  OT  to*^ — 7--a^.     For  it  b  easy  to  see,  as  before, 

mmif  771.  CG  ^ 


*■ 
I 


that  /"pa*  =/'GA*  +  m  .  GP»,  and  therefore,  •^-^^ 
*f  '^  '  m.  GP 
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=  '^^+^^,  =  CG  +  GP,=  CP.   Thismay 

be  shown  above 

CA*  =  PA«  +  CP=t:2CP  .PE 

fGA?=f^^^  +  w  •  CP  .  CP  —  CP  .  2GP.    And 
HI .  CG .  CP  =^y"C  A«. 
therefore  m .  CP.  CG =f^A?+m.  CP .  CP— w .  CP.JBGP 

and  A*A*=.m .  CP .  CG  +  m .  CP .  2GP--iii. CP .  CP 
or   ?PA*  =  m .  CP  (CG+2GP— CP) = m .  CP .  GP 

therefore  •/J^=CP. 

m. 


It  is  also  plain  that^/j^  ==^Z^^ 
•  w.GP      f?i-CG 

/CtA* 

Cor.  5.  Wealso  have  GP  =*^     rL,  so  that  if  C  be 

fit .  GC 

made^the  point  of  impulsion,  P  becomes  the  spontaneous 

centre  of  conversioQ  corresponding  to  it* 


*  When  the  author  had  arrived  at  this  port  of  the  artide  RaTA- 
TioK^  he  was  unable  to  proceed^  in  consequence  of  a  severe  iUness^ 
firam  whidi  he  never  lecc^vered.  Tlie  reader  is  therefore  rcfemd  to 
the  artide  Rotation  in  the  Encyclopedia  Britannica^  for  any  lar- 
ther  inftrmation  on  this  sntgect  that  he  nught  have  expected  under 
the  present  artide.— '£j). 
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844^  St»sk6TH  of  Materials,  in  Mechanic$^  is  a  subject  of 
80  much  importancei  that  in  a  nation  so  eminent  as  this  for 
invention  and  ingenuity  in  all  species  of  manufactures,  and 
in  particular  so  distinguished  for  its  improvements  in  ma- 
chinery of  every  kind,  it  is  somewhat  singular  that  no 
writer  has  treated  it  in  the  detail  which  its  importance  and 
difficulty  demands.  The  man  of  science  who  visits  our 
ffeat  maoufiictories  is  delighted  with  the  ingenuity  which 
he  observes^  in  every  part,  the  innumerable  inventions 
which  come  even  from  individual  artisans,  ismd  the  deter- 
mined purpose  of  improvement  and  refinement  which  he 
sees  in  every  worksh<^  Every  cotton*mill  ai^>ears  an 
academy  of  mechanical  science ;  and  mechanical  invention 
is  spreading  from  these  fountains  over  the  whole  kingdom : 
but  the  philosopher  is  mortified  to  see  this  ardent  spirit  ao 
cramped  by  ignorance  of  principle,  and  many  of  these,  ori- 
ipnal  and  brilliant  thoughts  obscured  and  dogged  with 
needless  and  even  hurtful  additions,  and  a  compUcation  of 
machinery  which  checks  improvement  even  by  its  appear- 
ance of  ingenuity.  There  is  nothing  in  which  this  want  of 
scientific  education,  this  ignorance  of  prindple,  is  so  fre- 
quently observed  as  in  the  injudidous  proportion  of  the 
parts  of  machines  and  other  mechanical  structures ;  pro- 
portions and  forms  of  parts  in  which  the  strength  and  posi- 
tion are  nowise  regulated  by  the  strains  to  which  they  are 
VOL.  I.  2  a 
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exposed,  and  where  repeated  failures  have  been  the  only 
lessons. 

It  cannot  be  otherwise.  We  have  no  means  of  instruc- 
tion, except  two  very  ^hort  and  abstracted  treatises  of  the 
late  Mr  Emerson  on  the  strength  of  materials.*  We  do 
not  recollect  a  performance  in  our  language  from  which 
our  artists  can  get  information.  Treatises  written  express- 
ly on  diflPerent  branches  of  the  mechanical  arts  are  totally 
silent  on  this,  which  is  the  basis  and  oni^|>rineip2^  of  their 
performances.  Who  would  imagine  that  Pbice^s  Bsitish 
Carpentee,  the  work  of  the  first  reputation  in  this  coun* 
try,  and  of  which  the  sole  aim  is  to  teach  the  carpenter  to 
erect  solid  and  durable  structures,  does  not  contain  one 
proposition  or  one  reascHi  by  which  one  form  of  a  thing  can 
be  shown  to  be  stronger  or  weaker  than  another  ?  We 
doubt  very  much  if  one  carpenter  in  an  hundred  cai)  give  a 
feason  to  convince  his  own  mind  that  a  joist  is  stronger 
when  laid  on  its  edge  than  when  laid  on  its  broad  side.  We 
speak  in  this  strong  manner  in  hopes  of  exciting  some  man 
of  science  to  publish  a  system  of  instruction  on  this  subject. 
The  limits  of  our  work  will  not  admit  of  a  detail :  but  we 
think  it  necessary  to  point  out  the  leading  prindples,  and 
to  give  the  traces  of  that  systematic  connexion  by  which  all 
the  knowledge  already  possessed  of  this  subject  may  be 
brought  together  and  properly  arranged.  This  we  shall 
now  attempt  in  as  brief  a  manner  as  we  are  able. 

The  strength  of  materials  arises  immediately  or  ultimate- 
ly from  the  cohesion  of  the  parts  of  bodies.     Our  examina- 


.  *  Since  this  article  was  published,  Beveral  sets  of  experiments  of 
very  oonaiderable  importance  bare  been  made  on  the  atieogtb  of  ma* 
teriala.  The  reader  is  particularly  referred  to  the  artide  Cabfent&y, 
in  the  Edinburg-h  Encyclopaedia,  vol.  V.  p.  494,  Mr  B4rlow's 
ingenious  Essay  on  the  Strength  of  Timber,  and  Mr  Tredgold's  Ele^ 
vientary  Principles  of  Carpentry  (Lond.  1810),— a  work  oi  great 
practieal  utility.—- £v. 
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tbn  of  this  property  of  tan^ble  matter,  has  as  yet  been 
very  partial  and  imperfect,  and  by  no  means  enabtes  us  to 
apply  mathematical  calculations  with  precision  and  success. 
The  various  modifications  of  cohesion,  in  its  different  ap- 
pearances of  perfect  softness,  plasticity,  ductility,  elasticity, 
hardness,  have  a  mighty  influence  <hi  the  strength  of  bo* 
dies,  but  are  hardly  susceptible  of  measurement  Their 
texture  also,  whether  uniform  like  glass  and  ductile  me- 
tals,* crystallized  or  granulated  like  other  metals  and  free- 
stone, or  fibrous  like  timber,  is  a  circumstance  no  less  im» 
portant ;  yet  even  here,  although  we  derive  some  advan« 
tage  from  remarking  to  which  of  these  forms  of  aggrega- 
tion a  substance  belongs,  the  aid  is  but  small.  All  we  can 
do  in  this  want  of  general  prindples  is  to  make  experiments 
on  every  class  of  bodi^.  Accordingly  philosophers  have 
endeavoured  to  instruct  the  public  in  this  particular.  The 
Royal  Sodety  of  London  at  its  very  first  institution  made 
many  eKpariments  at  their  meetings,  as  may  be  seen  m  the 
first  registers  of  the  Society.  Several  individuals  have  add- 
ed their  experiments.  The  most  numerous  collection  in 
detail  is  by  Muschenbroek,  professor  of  natural  philosophy 
at  Leyden.  Part  of  it  was  published  by  himself  in  his 
Essais  de  Physique^  in  two  vols  4to ; '  but  the  full  collec- 
tion is  to  be  found  in  his  System  of  Natural  Philosophy, 
published  after  his  death  by  Lulofs,  in  three  vols  4to. 
This  was  translated  from  the  Low  Dutch  into  French  by 
Sigaud  de  la  Fond,  and  published  at  Paris  in  1760,  and 
is  a  prodigious  collection  of  physical  knowledge  of  tQl 
kinds,  and  may  almost  suffice  for  a  library  of  natural  phi- 
losophy. But  this  collection  of  experiments  on  the  oohe^ 
sion  of  bodies  is  not  of  that  value  which  one  expects.  We 
presume  that  they  were  carefully  made  and  faithfully  nar- 
rated ;  but  they  were  made  on  such  small  specimens,  that 
die  unavoidable  natural  inequalities  of  growth  or  texture 
produced  irregularities  in  the  results  which  bore  too  great 
a  proportion  to  the  whole  quantities  observed.     We  may 
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make  the  iame  remark  on  the  experimenis  of  Coupiet, 
Pitot,  De  la  Hire,  Du  Hamel,  and  others  of  the  French 
academy.  In  short,  if  we  exeept  the  experiments  of  Bu£* 
ftp  on  the  strength  of  timber,  made  at  the  public  expense 
oil  a  large  scale,  there  is  nothing  to  be  met  with  froni 
which  we  can  obtain  absolute  measures  whidi  may  be  em^ 
ployed  with  confidence ;  and  there  is  nothing  in  the  Engu 
lish  language,  except  a  simple  list  by  Emerson,  whidi  is 
mevely  a  set  of  affirmations,  without  any  narraticm  of  dr- 
eumstances,  to  ^able  us  to  judge  of  the  validity  of  his 
oondusions :  but  the  character  of  Mr  Emerson,  as  a  man 
ef  ki^owledge  and  integrity,  gives  even  to  these  as^r* 
tions  a  considerable  value. 

But  to  make  use  of  any  experiments,  there  must  be  era- 
ployed  scn^e  general  principle  by  which  we  can  genersliae 
their  results.  They  will  otherwise  be  only  narrations  of 
detadied  facts.  We  must  have  some  notion  of  that  inter* 
medium,  by  the  intervention  of  which  an  external  ioroe  ap. 
plied  to  one  part  of  a  lever,  joist,  or  pillar,  occasions  a 
strain  on  a  distant  part  This  can  be  nothing  but  the  oo* 
hesion  between  the  parts.  It  is  this  connecting  force  whidi 
is  brought  into  action,  or,  as  we  more  shortly  express  it, 
exxitei.  This  action  is  modified  in  every  part  by  the  laws 
of  mechanics.  It  is  this  action  whidi  is  what  we  call  the 
strengih  of  that  part,  and  its  effect  is  the  strain  on  the  ad- 
joining parts ;  and  thus  it  is  the  same  force,  differently 
idewed,  that  constitutes  both  the  strain  and  the  straigth. 
When  we  consider  it  in  the  light  of  a  resistance  to  frl^;ture, 
we  call  it  strength. 

We  call  every  thing  ajbrce  which  we  observe  to  be  ever 
accompanied  by  a  diange  of  motion ;  or,  more  strictly 
speaking,  we  infer  the  presence  and  agency  of  a  force  where- 
ever  we  observe  the  state  of  things  in  respect  of  motion 
different  from  what  we  know  to  be  the  result  of  the  action 
of  all  the  forces  which  we  know  to  act  on  the  body.  Thus 
when  we  observe  a  rope  prev^it  a  body  from  falling,  we 
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irifer  a  movliig  force  inherent  in  the  n^  with 'as  much 
confidence  as  when  we  cbserve  it  drag  the  body  along  the 
gt^HUxL  The  immediate  action  of  this  force  is  undoubted- 
ly exerted  between  the  immediately  adjoining  parts  of  the 
lOpe.  The  immediate  effect  is  the  keeping  the  pertides  of 
the  rope  together.  They  ooght  to  separate  by  any  exter- 
nal force  drawing  the  ends  of  the  rope  contrariwise ;  and 
we  ascribe  their  not  doing  so  to  a  mechanical  force  really 
opposbg  this  external  force.  When  deared  to  give  it  a 
name,  w.e  name  it  from  what  we  conceive  to  be  its  effect, 
and  therefore  its  characteristic^  and  we  call  it  cohbsxon. 
This  is  lllet^y  a  name  for  the  fact ;  but  it  is  the  same 
thing  in  all  our  denominations.  We  know  nothing  of  the 
causes  but  in  the  effiacts ;  and  our  name  for  the  cause  is  in 
fact  the  name  of  the  effect,  which  is  cohesion.  We  mead 
nothing  else  by  gravitation  (x  magnetism.  What  do  we 
meaa  when  we  say  that  Newton  understood  thoroughly  the 
nature  cf  gravitation,  of  the  force  of  gravitation  ?  or  that 
Franklin  und^stood  the  nature  of  the  electric  force  P  No- 
thing but  this :  Newton  considered  with  patient  sagacity 
the  general  facts  of  gravitation,  and  has  described  and 
classed  them  with  the  utmost  precision.  In  like  manner, 
we  shall  understand  the  nature  of  coherion  when  we  have 
discovered  with  equal  generality  the  laws  of  cohesion,  or 
general  facts  which  are  observed  in  the  appearances,  and 
when  we  have  described  and  classed  them  with  equal  ac- 
curacy. 

Let  ur  therefore  attend  to  the  more  simple  and  obvious 
phenomena  of  oohesion,  and  mark  with  care  every  circum- 
stance of  resemblance  by  which  they  may  be  classed.  Left 
us  neceiTe  these  as  the  laws  of  cohesion,  characteristic  of  its 
supposed  cause,  the  force  of  coheaon.  We  cannot  pretend 
to  enter  on  tins  vast  research;  The  modifications  are  io* 
mimerablQ :  and  it  would  require  the  penetration  of  more 
than  Ne^rUm  to  detect  the  circumstance  of  similarity  amidst 
miUions  of  discriminating  circumstances.    Yet  this  is  the 
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only  way  of  disoovering  which  are  the  primary  facts  cha- 
nctenstic  of  the  force,  ahd  whidi  are  the  niodifications. 
The  «tudy  is  immenfie,  but  by  no  meams  desperate ;  and 
we  entertmn  great  hopes  that  it  will  ere  long  be  successfully 
prosecuted :  but,  in  our  particular  predicament,  we  must 
omtent  ouraelyes  with  selecting  such  gen»al  laws  as  seem 
to  give  us  the  most  immediate  information  of  the  circum- 
stances that  must  be  attended  to  by  the  mechanician  in  his 
constructions,  that  he  may  unite  strength  with  aimplicityy 
economy,  and  energy* 

145.  1*  Then,  it  is  a  matter  of  fact,  that  all  bodies  are  in 
a  certain  degree  perfectly  elastic ;   that  is,  when  their  form 
or  bulk  is  changed  by  certain  moderate  compressions  oc 
distractions,  it  requires  the  continuance  of  the  changing 
force  to  continue  the  body  in  this  new  state ;  and  when 
the  force  is  removed,  the  body  recovers  its  original  form. 
We  limit  the  assertion  to  cetiain  moderaie  changes :    for 
instance,  take  a  lead  wire  of  one^fifteenth  of  an  inch  in  dia- 
meter, and  ten  feet  long ;  fix  one  end  firmly  to  the  ceiling, 
and  let  the  wire  hang  perpendicular;  affix  to  the  lower  end 
an  index  like  the  hand  of  a  watch  ;  on  some  stand  imme- 
diately below  let  there  be  a  circle  divided  into  degrees,  with 
its  centre  corresponding  to  the  lower  point  of  the  wire : 
now  turn  thb  index  twice  round,  and  thus  twist  the  wire. 
When  the  index  is  let  go,  it  will  turn  backwards  again,  by 
the  wire^s  untwisting  itself,  and  make  almost  four  revolu- 
tions  before  it  stops ;  after  which  it  twists  and  untwists 
many  times,  theindex^ing  backwards  and  forwards  round 
the  circle,  diminishing  hbwever  its  arch  of  twist  each  time, 
till  at  last  it  settles  precisely  in  its  ori^nal  portion*     This 
may  be  repeated  for  ever.  Now,  in  this  motion,  eveiy  part 
of  the  wire  partakes  equally  of  the  twist     The  particles 
are  stretched,  require  force  to  keep  than  in  their  state  of 
extension,  and  recover  completely  their  relative  positions. 
These  are  all  the  characters  of  what  the  mechanician  calls 
perfect  elasticity.    This  is  a  quality  quite  familiar  in  maqy 
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cases ;  as  in  glass,  tempered  steel,  &c.  but  was  thopght  in- 
competent to  lead,  which  is  generally  considered  as  having 
little  or  no  elasticity.  But  we  make  the  assertion  in  the 
most  general  terms,  with  the  limitation  to  modorate  de> 
rangement  of  form.  We  have  made  the  same  experiment 
on  a  thread  of  pipe-clay,  made  by  forcing  soft  day  throu^ 
the  small  hole  of  a  syringe  by  means  of  a  screw ;  and  we 
found  it  more  elastic  than  the  lead  wire  :  for  a  thread  of 
one.twentieth  of  an  inch  diameter  and  seven  feet  long  al- 
lowed the  index  to  make  two  turns,  and  yet  completely  re- 
covered its  first  position. 

S46.  S.  But  if  we  turn  the  index  of  the  lead  wire  four 
times  round,  and  let  it  go  again,  it  untwists  again  in  the 
same  manner,  but  it  makes  little  more  than  four  turns  bcick 
again  ;  and  after  many  oscillations,  it  finally  stops  in  a  po* 
sition  almost  two  revolutions  removed  from  its  original  po- 
sition. It  has  now  acquired  a  new"  anangement  of  parts, 
and  this  new  arrangement  is  permanent  like  the  former ; 
and,  what  is  of  particular  moment,  it  is  perfectly  elastic. 
This  change  is  familiarly  known  by  the  denomination  of  a 
SET.  The  wire  is  said  to  have  takek  a  set.  When  we 
attend  minutely  to  the  procedure  of  nature  in  this  phenoy 
menon,  we  find  that  the  particles  have  as  it  were  slid  on 
each  other,  still  cohering,  and  have  taken  a  new  position, 
in  whidi  their  connecting  forces  are  in  equilibrio :  and  in 
this  change  of  relative  situation,  it  appears  that  the  con- 
necting forces  which  maintained  the  particles  in  their  first 
ntnation  were  not  in  equiliin'io  in  some  position  interme- 
diate between  that  of  the  first  and  that  of  the  last  form* 
The  force  required  for  changing  this  first  form  augmented 
with  the  change,  but  only  to  a  certain  d^ree;  and  during 
this  process  the  ccmnecting  forces  always  tended  to  the  re- 
covery of  this  first  form.  But  after  the  change  of  mutual 
position  has  passed  a  certain  magnitude,  the  union  has  been 
partly  destroyed,  and  the  particles  have  been  brought  into 
new  utuations ;  siich,  that  the  forces  which  now  connect 
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eftdi  with  its  neighbour  tend^  not  to  the  xcoorery  oi  the 
first  arrangement)  but  to  push  them  farther  from  it,  into  a 
new  situation,  to  which  they  now  Terge,  and  require  foroe 
to  prevent  them  from  acquiring.    The  wire  is  now  in 
&ct  again  perfectly  elastic ;    ihat  is,   the  finches .  whidi 
now  connect  the  parUcIes  with  their  neighbours  augment 
to  a  certain  degree  as  the  derangement  from  this  new  po# 
sition  augments.     This  is  not  reasoning  from  any  theory. 
It  is  narrating  facts,  on  which  a  theory  is  to  be  founded. 
What  we  hare  been  just  now  saying  is  evidently  a  descr^ 
tion  of  that  sensible  form  of  tangible  matter  whidi  we  call 
ductiUty*    It  has  every  gradation  of  variety,  from  the  soft- 
ness  of  butter  to  the  firmness  of  gold.     All  these  bodies 
have  some  elasticity ;  but  we  say  they  are  not  perfecdy 
elastic,  because  they  do  not  completely  recover  their  ori^ 
nal  form  when  it  has  been  greatly  damaged.     The  whole 
gradation  may  be  most  distinctly  observed  in  a  piece  of 
glass  or  hard  sealing-^wax.    In  the  ordinary  form  glass  is 
perhaps  the  most  completely  elastic  body  that  we  know^ 
and  may  be  bent  till  just  ready  to  snap,  and  yet  complete- 
ly recovers  its  first  form,  and  takes  no  set  whatever ;  but 
when  heated  to  such  a  degree  as  just  to  be  virible  in  the 
dark,  it  loses  its  brittleness,  and  becomes  so  tough  that  it 
cannot  be  broken  by  any  blow ;  but  it  is  no  longer  efaistie^ 
takes  any  set,  and  keeps  it  When  more  heated,  it  becomea 
as  plastic  as  clay ;  but  in  this  state  is  ranarkably  distin^ 
guiibed  from  day  by  a  quality  which  we  call  viscimtt, 
which  is  sometUng  like  elasticity,  of  which  clay  and  other 
bodies  purdy  plastic  exhibit  no  appearance.    This  is  the 
jcHnt  operation  of  strong  adhesion  and  softness.    When  a 
rod  of  perfecdy  soft,  glass  is  suddenly  stretched  a  little,  it 
does  not  at  once  take  the  shape  which  it  acquines  after  some 
litde  tima     It  is  owing  to  this,  that  in  takii^  the  imprea* 
flion  of  a  seal,  if  we  take  off  the  seal  while  the  wax  is  yet 
very  hot,  the  sharpness  of  the  impression  is  destroyed  im* 
mediatdy.     Each  part  drawing  its  neighbour,  and  each 
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ptft  yielding,  the  pitiitmieiit  parts  are  paQed  doim  and 
blunted^  and  the  diarp  hc^wt  are  pcdicd  upwanU  and 
aliQ  blnnted*  The  seal  must  be  kept  on  tUl  all  has  beoofne 
not  only  tdff  but  haid* 

This  viscidi^  is  to  be  observed  in  all  plasde  bodies 
wUflh  are  homogeneous.  It  is  not  observed  in  dlay,  be* 
cause  it  is  not  homogeneoaS)  but  consists  of  hM  partides 
of  argiBaceons  earth  slicking  together  by  tbefar  attraction 
for  water.  Something  like  it  might  be  made  of  finely  pow*< 
dered  glass  and  a  clannny  fluid  such  as  turpentine*  Yi^^ 
ddity  has  all  degrees  of  softness  till  it  degenerates  to  ropy 
flindity  like  that  of  olive  oil.  Perhaps  something  of  it  may 
be. found  even  in  the  most  perfect  fluid  that  we  are  a&< 
quainted  with,  as  We  observed  in  the  experiments  for  as* 
oertaimng  specific  gravity. 

There  is  in  a  late  volume  of  the  Philosophical  Transac- 
tions a  narrative  of  experiments;  by  whidi  it  appears  that 
the  thread  of  the  spider  is  an  exception  to  our  first  general 
law,  and  that  it  is  perfectly  ductile.  It  is  there  asserted, 
that  a  long  thread  of  gossamer,  furnished  with  an  index, 
takes  any  portion  whatever;  and  that  though  the  index 
be  tm*ned  round  any  number  of  times  (even  matfy  btu^ 
dreds),  it  has  no  tendency  to  recover  its  first  form.  The 
thread  takes  completely  any  set  whatever.  We  have  not 
had  an  opportunity  of  repeating  this  experiment,  but  we 
haw  distinctly  observed  a  phenomenon  totally  inconsistent 
with  it  If  a  fibre  of  gossamer  about  an  incti  long  be  held 
by  the  end  horizontally,  it  bends  downward  in  a  curve, 
like  a  slender  slip  of  whalebone  or  a  hair.  If  totally  devdd 
of  elastif^,  and  perfectly  indifferent  to  any  set,  it  would 
hang  down  perpendicularly  without  any  curvature. 

When  ductility  and  elasticity  ore  combined  in  different 
proportions,  an  immense  variety  of  sensible  modes  of  ag^ 
gr^tion  may  be  produced.  Some  degree  of  both  are  pro* 
bably  to  be  observed  in  all  bodies  of  complex  constitution ; 
that  is,  which  consist  of  partides  made  up  of  many  cK£fer- 
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ent  kinds  of  atoms.     Such  a  oonstitution  of  a  body  moat 
afford  many  utualaons  pemument,  but  easily  defaoged. 

In,  all  these  changes  of  dispontkm  which  take  place 
among  the  particles  of  a  ductile  body,  the  pattides  a^e  at 
such  a  distance  that  they  still  cohere.  The  body  naay  be 
stretcheda little ;  and  on  removing  the  ertending  fiirce, 
the  body  shrinks  into  its  first  fcnrm.  It  also  resists  mode- 
rate compressions ;  and  when  the  compres^ag  force  is  re- 
moved, the  body  swells  out  again.  Now  the  corpuscular 
^fiu:f  here  is,  that  the  particles  are  acted  <hi  by  attractions 
and  repulsbns,  which- balance  each  othar  when  no  external 
force  is  acting  on  the  body>  and  which  augment  as  the  par- 
ticles are  made,  by  any  external  cause,  to  recede  from  this  j 
situation  of  mutual  inactivity ;  for  since  force  is  requisite 
to  produce  either  the  dilatation  or  the  compression,  and  to 
maintain  it,  we  are  obliged,  by  the  constitution  of  our 
minds,  to  infer  that  it  is  opposed  by  a  force  accompanying 
or  inherent  in  every  particle  of  dilatable  or  compressible 
matter ;  and  as  this  necessity  of  employing  force  to  produce 
a  change  indicates  the  agency  of  these  corpuscular  forces, 
and  marks  their  kind,  according  as  the  tendencies  of  the 
particles  appear  to  be  toward  each  other  in  dilatatioB,  or 
from  each  other  in  compression ;  so  it  alsp  measures  the 
degrees  of  their  intensity.  Should  it  require  three  times 
the  force  to  produce  a  double  compresskm,  we  must  reckon 
the  mutual  repulsjpns  triple  when  the  ccHppresskm  is 
doubled ;  and  so  in  other  instances.  We  see  from  all  this 
that  the  phenomena  of  cohesion  indicate  some  rdation  be- 
tween the  centres  of  the  particles.  To  discover  this  rela* 
tion  is  the  great  problem  in  corpuscular  mechanism,  as  it 
was  in  the  Newtonian  investigation  of  the  force  of  giavita* 
tion.  Could  we  discover  this  law  of  acdon  between  the 
corpuscles  with  the  same  certainty  and  distinctness,  we 
might  with  equal  confidence  say  what  will  be  the  result  of 
any  position  which  we  give  to  the  particles  of  bodies ;  but 
this  is  beyond  our  hopes.  The  law  of  gravitation  is  so  ample. 
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tluK  the  diBooYeryor  detectioa.of  it  amid  the  vapriety  of  oe^ 
lestial  phenomena  required  but  one  step ;  and  in  its  own 
nateure  its  posrable  combinations  still  do  not  greatly  exceed 
die  powers  of  human  research.  One  is  almost  disposed  to 
say  that  the  Supreme  Being  has  exhibited  it  to  our  reason- 
ing powers  as  sufficient  to  employ  with  success  our  utmost 
efibrtfly  but  not  so  abstruse  as  to  discourage  us  from  the 
Boble  attempt  It  seems  to  be  otherwise  with  respect  to 
oohesion*  Mathematics  informs  us,  that  if  it  deviates 
sensibly  from  the  law  of  gravitation,  the  simplest  combina- 
tions will  -make  the  joint  action  of  -several  particles  an  al- 
most impenetrable  mystery.  We  must  therefore  content 
ourselves,  for  a  long  time  to  come,  with  a  careful  observa- 
tion of  the  simplest  cases  that  wecan  propose,  and  with 
the  discovery  of  secondary  laws  of  action,  in,  which  many 
particles  combine  their  influence.  In  pursuance  of  this 
plan,  wse  observe, 

347.  S.  That  whatever  is  the  situation  of  the  particles  of  a 
body  with  respect  to  each  other,  when  in  a  quiescent  state, 
they  are  kept  in.  these  situations  by  the  balance  of  opposite 
forces.  Thb  cannot  be  refused,  nor  can  we  form  to  our- 
selves any  other  notion  of  the  state  of  the  particles  of  a 
body«  Whether  we  suppose  the  ultimate  particles  to  be  of 
certain  magnitudes  and  shapes,  touching  each  other  in 
wn^e  points  of  cohesion ;  or  whether  we  (with  Boscovich) 
consider  them  as  at  a  distance  from  ea^  other,  and  acting 
on  eacl|[  other  by  attractions  and  repul^onfr— we  must  ac- 
knowledge,' in  the  first  place,  that  the  centres  of  the  parti* 
cles  (by  whose  mutual  distances  we  must  estimate  the  dis- 
tance of  the  particles)  may  and  do  vary  their  distances 
fiwm  each  other.  What  else  can  we  say  when'  we  observe 
a  body  increase  in  length,  in  breadth,  and  in  thickness,  by 
heating  it,  or  when  we  see  it  diminish  in  all  these  dimen- 
nons  by  an  external  compressbn  ?  A  particle,  therefore, 
situated  in  the  midst  of  many  others,  and  remaining  in 
that  situation,  must  be  concdved  as  maintained  in  it  by 
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the  mutud  batendng  of  all  the  tofnt^  which  oonnect  k  with 
its  neighbours.  It  is  Hke  a  bail  kept  in  its  place  by  the 
opposite  action  of  two  springs.  This  iHostratioti  inenta  a 
ifiore  particular  application.  Suppose  a  naniber  of  balls 
ranged  on  the  table  in  the  angles  of  eqoSatctal  triangles, 
and  that  each  ball  is  connected  with  the  SIX  which  lie  around 
it  by  means  of  an  elastic  wite  curled  like  a  cork-screw; 
suppose  such  another  stratum  of  balls  above  tliisy  and  ptih 
rallel  to  it,  and  so  placed  that  each  bail  of  the  upper  stra- 
tum is  perpendiculariy  over  the  Centre  of  the  equilateral 
triangle  below,  and  let  these  be  connected  with  the  balk  of 
the  under  stratum  by  similar  spiral  wires.  Let  these  he  a 
third  and  a  fourth,  and  any  number  of  such  strata,  aH  oon- 
nected  in  the  same  manner.  It  is  pfadli  that  this  may 
tend  to  any  size  and  fill  any  space.~-Now  let  this 
blage  of  balls  be  firmly  contemplated  by  the  imagtnatioD, 
and  be  supposed  to  shrink  continually  in  all  its  dimenaons, 
till  the  balls,  and  their  distances  from  each  other,  and  the 
oonnecting  wires,  all  vanish  from  the  sight  as  discrete  aidi- 
vidual  objects.  All  this  is  very  conceirabte.  It  witt  now 
appear  like  a  solid  body,  having  length,  breadth,  aaid 
thickness ;  it  may  be  compressed,  and  witt  again  resudie 
its  dimensions ;  it  may  be  stretched,  and  witt  again  shindc ; 
it  wiH  move  away  when  struck ;  in  short,  h  wiU  not  diftr 
in  its  sensible  appearance  from  a  S(^  elastic  body.  Nvw 
when  this  body  is  ima  state  of  compression,  for  iostanoe,  it 
is  evident  that  any  one  of  the  balls  is  at  rest,  in  eonse^ 
quence  of  the  mutual  balancing  of  the  actions  of  att  the 
spiral  wires  which  connect  it  with  those  around  it  li 
win  greatly  conduce  to  the  fuH  understanding  of  all  that 
fi)lIows  to  recur  to  this  illustration.  The  analogy  or  ve« 
semblance  between  the  effects  of  this  constitution  of  tlnngs 
and  the  effects  of  the  corpuscular  forces  is  very  great ;  and 
wherever  it  obtains,  we  may  safely  draw  oondiniaDS  bam 
what  we  know  would  be  the  condition  of  a  body  cf  eotti- 
mon  tangible  matter.    We  sbatl  just  give  one  ioalrudivc 
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mtmphf  and  then  h«ve  done  with  this  hypotlMtical  body. 
We  can  nippose  it  of  a  kog  shape,  resting  on  one  point; 
vo  can  mippoee  tvo  vei^ta  A,  B^  auspendcd  at  the  ex^ 
ttemitieay  and  the  whole  in  equihbcia  We  eonunonly  ex^ 
psefis  this  state  of  things  by  saying  that  A  and  B  are  in 
eqiuhbrio.  This  is  very  inaccurate.  A  is  hi  fiiot  in  equi- 
libvio  with  the  united  action  of  all  the  springs  which  con- 
nect the  ball  to  which  it  is  applied  with  the  adjoining  balla. 
These  qprisgs  are  brou^t  into  action,  and  each  b  in  equi- 
lifafio  with  the  joint  action  of  all  the  rest  Thus  throng 
the  whole  eactait  of  the  hypothetical  body,  the  springs  are 
bniogfat  into  i»dc«  in  .  way  «.d  in  a  degree  vfaioh  inathe. 
matics  can  easily  investigate.  We  need  not  do  this :  it  b 
enough  for  our  purpose  that  our  imaginatiop  readily  <fi*- 
oovessthat  some  springs  are  stretched,  others  arecempresa- 
ed,  and  thai  a  pressure  is  ezQted  on  the  inui|dle  point  of 
support,  and  the  support  exerts  a  reaction  which  precisely 
bahuicfs  it ;  and  the  other  weight  is,  in  like  manner,  in  in>- 
mediate  equiiibrio  with  the  equivalent  of  the  notions  of  all 
the  springs  which  connect  the  last  ball  with  its  neighbours. 
Now  take  the  analogical  or  resembling  case,  an  oblong 
peoe  of  solid  matter,  resting  on  a  fulcrum,  and  loaded 
with  two  weights  in  equiiibrio.  For  the  actions  of  the  co»- 
ncoting  spcings  substitute  the  corpusoular  forces,  and  the 
result  will  resemble  that  of  the  hypothesis. 

Newton  had  said,  that,  as  the  great  movements  of  the 
solar  ^tem  were  regulated  by  forces  operating  at  a  dis- 
tance, and  varying  with  the  distance,  so  he  strongly  sua- 
pected  {vMe  tuspicor)  that  all  the  phenomena  of  cdiesion, 
with  aU  its  modifications  in  the  different  sensible  forms  of 
^ggregatkm,  and  in  the  phenomena  of  chemistry  and  phy- 
sifiibgy,  resulted  from  the  similar  agency  of  forces  varying 
with  the  distance  of  the  partidea.  The  learned  Boseovich, 
in  hia  celebrated  Theory  of  Natural  Philosophy,  pur- 
sued thb  thought ;  and  has  diown,  that  if  we  suf^)OGe  an 
idtimate  atom  of  matter  endowed  with  powers  of  attraction 
and  repulsion,  varying,  both  in  kind  and  degree,  with  the 
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distance,  and  if  this  force  be  the  same  in  every  atom,  it 
may  be  r^ulated  by  such  a  relation  to  the  distance  from 
the  neighbouring  atom,  that  a  cdlection  jDf  such  may  have 
all  the  sensible  appearance  of  bodies  in  dieir  different  forms 
of  solids,  liquids,  and  vapours,  elastic  or  unelastic,  and  ett« 
dowed  with  all  the  properties  which  we  perceive,  by  whose 
immediate  operation  the  phenomena  of  motion  by  impulse, 
and  all  the  phenomena  of  chemistry,  and  of  animal  and 
Tegetable  economy,  may  be  produced.  He  shows,  that 
notwithstanding  a  perfect  sameness,  and  e^^n  a  great  sim- 
plicity in  this  atomical  constitution,  there  will  result  from 
this  union  all  that  unspeakable  variety  of  form  and  proper- 
ty which  diversify  and  embellish  the  face  of  nature. 
Having  already  given  an  account  of  this  celebrated  work,  we 
mention  it  only,  by  the  bye,  as  far  as  a  general  notion  of  it 
win  be  of  some  service  on  the  present  occasion.  For  this  pur- 
pose, we  just  observe  that  Bosoovich  conceives  a  partide  of 
any  individual  species  of  matter  to  consist  of  an  unknown 
number  of  particles  of  simpler  constitution ;  each  of  which 
particles,  in  their  turn,  is  compounded  of  partides  still  more 
am{dy  constituted,  and  so  on  through  an  unknown  number 
of  orders,  till  we  arriveat  the  simplest  possibk  oonatitutkm  of 
a  particle  of  tangible  matter,  susceptible  of  length,  breadth, 
and  thickness,  and  necessarily  consisting  of  four  atoms  of 
matter.  And  he  shows  that  the  more  complex  we  suppose 
the  constitution  of  a  particle,  the  more  must  the  sensible 
qualides  of  the  aggregate  resemble  the  observed  qualities 
of  tangible  bodies.  In  particular,  he  shows  how  a  particle 
may  be  so  constituted,  that  although  it  act  on  one  other 
pardcle  of  the  same  kind  through  a  considerable  interval, 
the  interpoation  of  a  third  particle  of  the  same  kind  may 
render  it  totally,  or  almost  totally,  inactive;  and  therefore 
an  assemblage  of  such  particles  would  form  such  a  fluid  as 
air.  All  these  curious  inferences  are  made  with  incontro- 
vertible evidence ;  and  the  greatest  encouragement  is  thus 
given  to  the  mathematical  philosopher  to  hope,  that,  by 
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cautious  and  patient  proceeding  in  this  way,  we  may  gra- 
dually approach  to-  a  knowledge  of  the  laws  of  odbesion^ 
that  will  not  shun  a  compa|:ison  even  with  the  Principia 
of  Newton.  No  step  can  be  made  in  this  investigation,  but 
by  observing  with  care,  and  generalizing  with  judgment, 
the  phenomena,  which  are  abundantly  numerous,  and 
much  more  at  our  command  than  those  of  the  great  and 
sensible  motions  of  bodies.  Following  this  plan,  we  ob- 
serve, 

S48. 4  It  is  matterof  fact,  that  every  body  has  somedegree 
of  eompresability  and  dilatability ;  and  when  the  changes 
of  dimension  are  so  moderate  that  the  body  completely 
recovers  its  original  dimensions  on  the  cessation  of  the 
ehaoging  force,  the  extensions  or  compressions  are  sensibly 
proportional  to  the  extending  or  compressing  forces;  and 
therefore  the  conne^ingjbrces  are  proportional  to  the  cUs-^ 
tances  qf  the  particles  from  their  quieecenty  neutral^  or 
inactive  positions.  This  seems  to  have  been  first  viewed 
as  a  law  of  nature  by  the  penetrating  eye  of  Dr  Robert 
Hooke,  one  of  the  most  eminent  philosophers  of  the  last 
century.  He  published  a  cipher,  which  he  said  contained 
the  theory  of  springiness,  and  of  the  motions  of  bodies  by 
the  action  of  springs.  It  was  this,  ceiiinosssttuu,"-' 
When  explained  in  his  dissertation,  published  some  years 
after,  it  was  ut  tensio  sic  vis.  This  is  precisely  the  propo- 
sition just  now  asserted  as  a  general  fact,  a  law  of  natura 
This  dissertation  is  full  of  curious  observations  of  facts  in 
support  of  his  assertion.  In  his  application  to  the  motion 
of  bodies,  he  gives  his  noble  discovery  of  the  balance-spring 
of  a  watch,  which  is  founded  on  this  law.  The  spring,  as 
it  is  more  and  more  coiled  up,  or  unwound,  by  the  motion 
of  the  balance,  acts  on  it  with  a  force  proportional  to  the 
distance  of  the  balance  frcoa  its  quiescent  position.  The 
bttlaaoe  tfa^efore  b  acted  on  by  an  acoeleFatiiig  force, 
wluoh  varies  in  the  same  manner  as  the  force  of  gravity 
acting  on  a  pendulum  swinging  in  a  cycbid.  Its  vibrations 
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timekxe  must  be  perforyned  in  equal  time,  whether  thej 
Me  wide  or  manow.  la  the  iseioe  diBserUtion,  Hocke  Bten^ 
tKm  ett  the  &cti  wUeb  John  BenioulU  afterwerds  induced 
m  0U|fi9Vt  4if  Lrf^bnitz^s  iriummfd  dodiiiie  of  the  fatoe  of 
bodiee  w  «iolioii«  ok  the  doctrine  of  tbe  vir4a  viv(B;  e 
^MOim  wbiob  Hooke  night  justly  have  daiined  as  Us 
owp>  had  he  Mb  seai  k$  futility. 

ExpouMOts  Qiade  «npe  the  time  of  Hooke  riiow  that 
this  kw  is  strictly  true  in  the  extent  to  which  we  have 
limited  it»  vie.  in  aU  the  changes  of  finrn  which  will  be 
eompletely  undone  by  the  elaslidty  of  the  body.  It  ia 
nearly  true  to  a  muc^  greater  extent.  James  BenfeoidIi» 
in  his  dwertattw  on  the  elastic  curve,  relales  some  experi- 
ments of  his  own,  which  seem  to  deviate  considerably  fiom 
it ;  but  on  dose  examination  they  do  not.  The  finest  ex- 
periments are  thoce  of  Coulomb^  published  in  some  hie 
volumei  of  the  memoirs  of  tbe  Academy  of  Paris,  He 
suspended  balls  by  wires,  and  observed  thor  motions  of 
QScillaliop>  which  he  &und  accuiately  oorroiponding  with 
this  law. 

349.  &  It  is  universally  observed,  tbatwhen  thedilalatiocis 
have  proceeded  a  certain  length,  a  less  addition  of  force  is 
sufficient  to  increase  the  dilatation  in  the  aame  deigiesL 
This  is  always  observed  when  tbe  body  baa  been  so  ^ 
stretched  that  it  takes  a  set,  and  does  not  oaoKfieteiy  se- 
cover  its  form.  The  like  may  be  genoally  observed  in 
oonqfwessions.  Most  persons  will  recollect,  that  in  viokne* 
ly  stretching  an  elastic  cord,  it  becomes  suddeidy  weak»!, 
or  more  easily  stretched.  But  these  pheacmiena  do  not 
poatively  prove  a  diminution  of  the  corpuscular  forae  act- 
ing on  one  particle :  it  more  probably  arisen  from  the  di»> 
unioa  of  aome  particles,  whose  action  contriibuted  to  the 
whole  cor  senrible  effect  And  in  c(M9Qf>resripns  we  may 
suppose  something  o£  the  same  kind ;  finr  when  we  com- 
press a  body  in  one  direction,  it  oomnumly  bulges  out  in 
another ;  and  in  cases  of  very  violent  action  some  particles 
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JhdMbtoikffif<>ixf ^  tte  <mmpmmiag  tmtL  Vor(ltfctt><itMhfr 
•iIlipM  «in*QCiaii,  tiiat  «t»i;  tl»  oamptmim  ^  dM 
JMNWiUwi  tattiBft'Ae  bodf^to  bdgit  oat  in  die  teia>wBife 
iiiqirtiiu>  MA'di^m  tUs  biai|^  (MM;  u  in  ^fppoMmi  U 
itm^  mii«»uiin-  farmi  of  jUtwmiwri^  it  muflt  Mipfey  mm 
port  dp  tko  oompresong  foid^  A»i  the  MOttdan  sf^fifdMt. 
onMooo  in  periMt'  UQiihnmty  wttb  iUB  <fMoiepi&m  of 
drills;  Wbki  111%  {liMiA'fait  «f  dr^  idi^^,  it  Mi^b  otti 
indiovactetMaiveMttly.  WketiW-pillfti*  of^i^ood  is  tfter^ 
ktMiy  iMmdk  out)  and  wauSl  ctevi6eBisppe$it  in  tfie  Uteen 
^imoUbA  ttbtkBi  AiftfirtliiAitirmnotbeftif  Mdf  tf  M^ 
loud.  TUb  tte  •eatp«ittt6-«oU  CBinnLnio';  and  a  kaom. 
Mgo  of  tiio  tAKhimstanoM 'wliidi  «^^  imL 

pttfUaioe,  Md  enables  as  to  ond^ntorid  Botae  very  pMH^ 
dMitfdi  oppeoMuioOB^  aa  irilt  Iw^ 

' '  Vhto  ^pltftiul  diaonithig  of  TpatHtkB  £omfftlj  'oohMriq^  is^, 
«^'&aiB|^,  ilie  «ldof  reason  tvfay  tt^  tdality  «f  th^  (brtes 

« 

#ldA  iMHyO|ipdBa  an  Mtenud  stirain 'd(ies  not  •  Iriopeaiio  'ik 
ti^i^i^porisoB  Of  Ae  ext^imons  and  tonqpr^sdons.  Bnt 
soAdeBt  ovidttBhsi^  ^^-abO'te  ^^fto- Aift^  tAe^-'fti^oes  wfaHJ!^ 
would  connect  one  particle  irtfh  one  i6tllerpMide^ik^ 
i<H|ftito»«i  th#  laiftfeilftHfr  yrtportion  dP  die  e%afag^  of  di». 
tdwfr;  diat^  to  ^fenskms  diey  iMrciise  Moir6  sbwiy,  and 
]«i'€bn|«rMons  tnm^  fif^^y; 

>  Attt  tli^  IS  aMotiier  caos^' of  iM^'  deviaticMi  pattia:^ 
oqaaajeflfertirtt  %Wt^  the  former/  Most  b6die8^  inkA^c^ 
sMto^d^ree  orductifily.  Mow  what  is  Ais  9  TMe  i^ct  ^ 
Aat  file  )fiitts  liave  take^  A  'inew  as^mngementj  in-  wttcft 
tliey  again  bbhere.  'Tfierefore^^ih  tlte  jMssagS-to  tht^  'tifetf 
ammjjeme^t,  the  setiMble  felted,  \An(St  vte  Vh^  Joint  teinilt 
6f  iiafeiy  ^rfMisoaiBr  f^rcei,  begih  tc^  inspect*  diis  hew  ar^ 
riiagattisnt  insfead  of  the  ibttnifer.  'TMa.niiisfe  change  Vhe 
i^lAe  Ittw  of  cdi^ttseuhtf  fbnce,  thinraeteristic  of^the  pM- 
yoL.  I.  2  b 
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aJtei|M!CMi4>PaMiter  nmimtwumimAm*  Itdoesiio^ve- 
^ukemuoh  leAectm^tD  ammat  m  that,  the  jpamklmmr^ 
namBMitft  whiflh  ths » DutidflB  of  m.  hodx  nun  mduik. 
without  arpMniw  tiii  fhinfff  thwr  nntiiBPi-  flnHt  ^iBHM 
numtlnniB  aocovduur  mi  tbeMetk^LBtaniif  a  viHe^cflBiiiksL 
ooBititaitigiii-;  md  it  is  jmaonabfe  to  sufpoBethat  dit^om.* 
jititiitioii  of  ev€a  the  OMt  flimfdekiiid  of  imMk  tfaatjre 
are aeqiudotod  withris  eice<tfng^y;cgpi|tot.  Our  .iiimo» 
aooiMa  ibow  ua  BMif^^*  go  fftTwtffi  that  a  faeai^  oC  ifaflBi 
9Mut  tlpptat  to  the  naked  eye  ao  .unifonn  »««  with  a 
grain  fisev  thiMi  that  of  the  fiaeit  marbie  or  nuwr  hone; 
and  jet  eacbof  these  hap  not  only  Umbs,  but  bqiie%  .nma* 
cular  fibres,  bhxid-vefifielsy.  fibiaB,  and  a  bkiod  camttimg^ 
m  all  probability,  of  globules  orgMuaad  and  eompiei  like 
our  own.  The  im^gmatiqn  is-  here  lost  in  wonderi  and 
nothing  ia  left  us  but  to  adoie  inoonosivaUe  ait  and'wis- 
dom,  and  to  exult  in  the  thou^t  that  we  are  the  only 
qpectntors  of  this  bwutiful  aoene  who  om  dsnye  plqasuie 
fiam  the  view.  What  is  trodden  under  foot,  vith  indi£- 
foenoe,  4B?en  by  the  halfcreasoping  ehipbant,  may  beaude 
hyus  the  flauroo  of  the  nuiestand  noab  uwntitffl  rikiinilBr. 
3ut  let  us  proe^ed.^  obsennE^ 

300. 6.  Thatdielqiees  which  emneet  the  pitttadesof^teik. 
IpUe  bodies  change  by  a  change  of  distance,  not  only  in  de- 
gree, but  also  in  kind  A  particle  B,  Fig.  1 ,  is  attywcted  by 
A- when  in  the  Mtuation  C  or  E.  It  is  impelled  fay  it  when 
atDor  F.  It  is  not  affected  by  it  whan  m  die  sitantion 
&  The  reader  is  requested  carefully  to  revark,  thai  this 
is  not  an  iiiTerenoe  founded  on  the  authority  of  our  nuthe- 
matiosl  figure.  The  %ure  is  an  expressipn  (to  asnst  the 
imaginatkin)  of  facts  in  natura  It  requires  no  foeee  to 
keqp  the  particles  of  a  body  in  their  quiescent  situalieM: 
bttt  if  they  are  separated  by  stretching  the  body,  thsgF  en- 
deavour (pardon  ^e  figurative  expression)  tp  ecane  to^ 
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ggtheri^gBiiL  If  they  are  brought  naatst  by  ccmptemium, 
tfaey  endfiftTour  to  recede.  This  endeavour  is  manilieit^d 
by  the  ipeoesai^  ci  employiog  force  to  maintain  the  extea. 
mi  or  coodensadon ;  and  we  represent  this  by  the  difbr* 
ent  position  of  our  lines.  But  this  b  not  all :  the  particle 
B,  whidi  is  repelled  by  A  when  in  the  situation  F  or  D^ 
is  neutral  when  at  B,  and  is  attracted  when  at  C  or  £5  may 
be  placed  at  such  a  distance  AG  from  A  greater  than  AB 
that  it  shall  be  again  repelled,  or  at  such  a  distance  AH 
that  it  shall  again  be  attracted ;  and  these  alterations  may 
be  repeated  again  and  again.  This  is  curious  and  impoort- 
anty  and  requires  something  more  than  a  bare  assertion  for 
its  proof. 

We  have  already  mentioned  the  inost  curious  and  valu- 
able observations  of  Sir  Isaac  Newton,  by  which  it  appears 
that  light  is  thus  altetnately  attracted  and  repelled  by 
bodies.    The  rings  of  colour  which  appear  between  the 
objecUglasses  of  long  telescopes  showed,  that  in  the  small 
interval  of  n/bo^  of  an  inch,  there  are  at  lesst  an  hundred 
sudi  changes  observable,  and  that  it  is  highly  probable 
that  these  alternations  extend  to  a  much  greater  .distance. 
At  one  of  these  distances  theJight^  aoliMdly  converges  to- 
wards the  solid  matter* of  the  glass,  which  we  express 
shortly,  by  saying  that  it  is  attracted  by  it,  and  that  at  the 
next  distance  it  declines  firom  the  glass,  or  is  repelled  by  it 
The  same  thing  is  more  simply  inferred  from  the  pheno^ 
mena  of  light  passing  by  the  edges  of  knives  and  other 
opaque  bodies.    We  refer  the  reader  to  the  experiments 
themselves,  the  detail  being  too  long  for  this  place;  and 
we  request  him  to  consider  them  minutely  and  attentively, 
and  to  form  distinct  notions  of  the  inferences  drawn  from 
them.    And  we  denre  it  to  be  remarked,  that  although  Sir 
Isaac,  in  his  discussion,  always  considers  light  as  a  set  of 
corpuscles  moving  in  free  space,  and  obeying  the  actions  of 
external  forces  like  any  other  matter,  the  particular  conclu- 
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^oii  fn  wftfidh  we  are Jtifit!  «(m  Werested  tfoes  libt  jjct  laA  ckiu 
^d  oh  thik  notifon  of  the  Mature  of  light  J  ilhdliUt^ve. 
irith  Dte 'Cartes  or  fituygehs,  suppose  KgUt  W  W'  ili^  un- 
dcuation  of  an  elastic  medluni^'t&e  toncludoii'^#Ul  fie  the 
same. '  The* andalations  at  certain'  distances  are' ' distttib^ 
hy  forces  ^ected  towards  the  'body,  and  at  a  greater'  dis- 
tance, the  disturbing  forces  tendyrom  the  body. ' 
' '  351 .  These  and  other  facts  already  mentioned,  a^  a  few  of 
many  thousand,  by  which  it  is  unquestionably  proved  thiit 
ihe  particles  of  tan^ble  matter  are  connected  by  forceis 
acting  at  a  distance,  varying  with  the  distance,  and-idter- 
hately  attractive  and  repulsive.  If  we  represent  these  fdrces 
by  the  ordinates  of  a  curve,  it  is  evident  that  this  cmrve  must 
cross  the  axis  at  all  those  distances  where  the  forces  change 
i^m  attractive  to  repulsive,  and  the  curve  must  have 
branches  alternately  above  and  below  the  axis.]. 

All  these  alternations  of  attraction  and  repulsion  take 
place  at  small  and  insensible  distances.  At  all  sensible 
distances  the  particles  are  influenced  by  the  attractiop  oF 
gravitation;  and  therefore  this  part  of  the  curve  inuat 

b0  a |igrpfift«l#  wtmt  oquatiw is. yw^      Wba4  i»  tk^. 

form  of  the  curve  corresponding  to  the  smallest  distanoe 
of  the  particles  f  that  is,  what  is  the  mutual  action  bietKrten 
the  particles  just  before  their  coming  into'  absolute  cobtact? 
Analbgy  should  lead  us  to  suppose  it  to  be  repulsion :  for 
solidity  is  the  last  and  simplest'  form  of  bodies  with  whicti 
we  are  acquainted.— -Tluids  are  more  compounded,  con- 
taining fire  as  an  essential  ingredient.  We  should  ooh- 
clude  that  this  ultimate  repulsion  is  insuperable,  for  the 
hardest  bodies  arc  the  most  elastic.  We  are  fully  entitled 
to  say,  that  this  repelling  force  exceeds  all  that  we  have 
ever  yet  appliefd  to  overcome  it ;  nay,  there  are  good  rea- 
sons for  saying  that  this  ultimate  repulsion,  by  which-  the 
particles  are  kept  from  mathematical  contact,  is  really  in- 
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iapiaAiemiti  ewailBtailB^ittid  tint  itig  itttpbiftUe  lo 
produce  mathematical  oonUMst 

We  ibaUt  jiast  maMiaii  one  <kf  th^s^,  idiich  «cf  odnsider 
Aft  imaiiiiraraUe.  fiiqipM&'tiino  anom^  ct  tgfsimite'fm^ 
ciea^f  matter  A  aadRr  LatAbe  atrest,  and  Bmot^ 
Qj^taiitwith^lfae^i^elodtf  <fc; '4iid  kt  ua  Mppoa^  that  it 
cornea  iBto  madiematieid  oontact^  and  iaipels  it  (aiKx)ifdiiig 
to  tli&  domipon  aoe^piatiQa  of  the>^«otd)i>  l^ofb  move^iritli 
liM»Tdaaky  L  Thiih  i*  gim^lied  by  all  to  bt»th6£odndi 
aidt'of^e^aolUnte.  No^  thf^  ihtsutnt  of  time  in  which 
dtia4ocama«itttatiDi4  happetta  i»  ^imk  port  lathen  of'  fha  dum^ 
tiM  t)f  the  li^lMary  iMtioki  of  A^  nor  of  the  jofift  laoAoii  of 
A  and  B :  it  is  ^  6eparati(m»  or  boondary  bet^en  Ihetit^ 
It  10  at  onto  the  (Md  of  th^'fiM^atidthe  begintiing  of  thtf 
taoand^  IieloBgiiig'  equdly  to  botfly  A  was  moving  with 
the  vekxafy  2,  ^She  distir^iEihlngf  cifreumstance  iflier^fore 
of  its  mechanical  state  is,  that  it  has  a  detennination'(how«i 
etar inaom^hisn^bie)  by: which  it  would  move  fbrever 
with  ihe  vekrity' 8,  if  nothing  chaisged  it.  Thi»  k  IM 
during'  the  whok  of  its  solit^  motbn,  4nd  theifefdre  inf 
the  last  instant  dP  this  motion^  In  like  manner/ durii^ 
the  whole  of  tile  joint  motito,  ttnd  theirefer^  ia  ilheftM 
imttmt  of  tMs  motioib  ^^  atom  A  has  a  ^et^rttinaiion  by 
wy«h  it  waidd  mote  .£ot€f&  with  the  Velodfty  1.  '  In  onef 
and  the  same  £a8t«nt»  thertifore,  ih6  atom  A  has  two^hieam* 
pacible  determinations.  'Wbat^ter  notion  we  ean  feim.of 
thts" state^' nidch  we  eall  veioci^,  as  a  dktinctioiiof  coiicli* 
tmi)  the  simie  Imposidl^ty  of  conoeption  or  lltd  stta^  ab-^ 
snrdi^f  oneoH.  Nor  can  it  be  avrnded  in  aftty  otheir  way 
than  by  sayings  that  tins  chaz^-of  A's  ttaMion  is  Knmghc 
about  by  ifls^t^Ue'gradatioin^f ;- ^that  is,  diat  A  and  B  io^; 
fluence  eadi  other  precisdy  i(k  they  would  do  if  a  slender 
spring  were  iuteifposed* 

The  two  magnets  there  spoken  of  are  good  representa- 
tives 6f  two  atoms  eifdOw#d  WHh  mntnai-pbwersft  of  tepnl- 
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aba;  and  the  oomiimiiicatiim  i£  aiotm 
both  cases  in  precisely  the  same  manner. 

S52.  The  simplest  particle  which  can  be  a  eonacituent  of 
a  body  having  kogth,  breadth,  and  thicknessi  must  oonsiat 
of  fixur  such  atoni8»  all  of  which  combine  thdr  inflneiM?e  on 
each  atom  of  another  such  particle.  It  is  evident  that  the 
cunre  which  expresses  the  foraes  that  connect  two  such 
partides  must  be  totally  different  from  this  nr^gvii'  curve, 
this  hylarcbic  principle.  Supposing  the  last  known,  ouc 
mathematical  knowledge  is  quite  able  to  discover  the  firsts 
but  when  we  proceed  to  compose  a  body  of  particles,  each 
of  which  conasts  of  finur  such  particles^  we  may  Tcnture  ta 
$ay,  that  the  compound  focoe  which  connects  them  is  al- 
mqpt  beyond  our  search,  and  that  the  discovery  of  the  pri- 
mary foroe  from  an  accuraie  knowledge  of  the  corpuscular 
forces  of  this  particular  matter  is  absolutely  out  of  our 
power. 

All  that  we  can  learn  is,  the  possibili^,  nay  th?  certain- 
ty, oi  an  innumerable  yariety  of  external  sensible  £>rma 
and  qualities,  by  which  different  kinds  of  mattv  will  b^. 
distinguished,  arisiiig  from  the  number,  the  order  of  com- 
jftmUkm^  and  the  arrangement  of  the  subcndinate  particles 
of  which  a  partide  of  this  or  that  kind  of  matter  is  com- 
posed, AH  these  varieties  will  take  place  at  those  small 
and  insensible  distances  which  are  between  A  and  H,  and 
may  produce  all  that  variety  which  we  observe  in  the  tan- 
gible or  mecbanical  forms  of  bodies^  such  as  el^isticity, 
ductility,  hardness,  softness,  fluidity,  vapour,  and  all  those 
unseen  motions  or  actions  which  we  observe  in  fusion  and 
congelation,  evaporation  and  condensation,  solution  and 
precipitation,  crystallizatii^,  vegetable  and  animal  asami- 
lation  and  secretion^  &c.  &c.  8ec.  while  all  bodies  must  be, 
in  a  certain  degree,  elastic,  aU  must  gravitate,  and  all  must  • 
be  incompenetraUe. 

This  general  and  satisfactory  reitembhuice  between  the 
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appmnuice  of  tangible  matter  and  the  legitimate  ctmse- 
quence  of  this  general  hypothetical  property  of  an  atom  of 
matter,  aflfords  a  conaderable  probability^  that  such  is  the 
origin  of  oil  the  jdienomeiia.  We  eartiestly  recommend  to 
our  leaden  a  cu^efid  perusal  of  Boscoyieh's  ceiebrated 
treatise.  A  carefol  penisal.is  necessary  for  seong  its  va- 
lue ;  and  nothing  will  begot  by  a  hasty  look  at  it.  The 
reader /wHl  be  particulaiiy  pleased  wkfa  die  fiKility  and 
evidence  with  which  the  ingenious  author  has  deduced  all 
Ae  or£nary  principles  of  mechanics^  and  with  the  eaqplana- 
tion  which  he  has  ^ven  of  fluidity,  and  his  deduction  fixmi 
tiienee  of  the  laws  of  hydzoiCatics.  No  part  of  the  treatise 
is  more  valuable  than  the  doctrine  of  the  .piopagation  of 
pressure  through  solid  bodies.  This,  however,  is  but  just 
touched  on  in  tne  course  of  the  investigation  of  the  princi- 
ples of  medwnics.  We  shall  borrow  as  much  as  will  suf- 
fice ftr  our  present  inquiry  into  the  strengdi  of  materials ; 
and  we  trust  that  our  readers  are  not  displeased  with  this 
generld  sketch  of  the  doctrine  Qi  it  may  be  so  called)  of 
the  oobesion  of  bodies.  It  is  curious  and  important  in  it- 
self, and  is  the  foundation  of  all  the  knowledge  we  can  ao-^ 
qiure  of  the  present  article.  We  are  sorry  to  say  that  it;i» 
as  yet  a  new.  subject  of  study ;  but  it  is, a  very  promising^ 
one,  and  we  by  no  means  despair  of  seeing  the  whole  q£ 
chemistry  brongfat  by  its  means  witlunthe  pale  of  mechanic 
cal'siaenoe.  The  great  and  distinguishing  agency  in  die^' 
mistry  is  heat,  or  fire  the  cause  of  heat;  and  one  of  it8» 
most  ffSffgiilor  effects  is  the  conversion  of  bodies  into  elastic 
vapour.  We  have  the  clearest  evidence  that  this  is  farou^t 
about  by  medianical  forces :  for  it  can  be  opposed  or  pre- 
vented by  external  pressure,  a  very  familiar  medianical 
toxce*  We  may  perhaps  find  anothor  mechanical  force 
wUch  will  prevent  fusion. 

HAviKd  now  made  our  readers  familiar  with  the  mode 
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ftfacticttfiniidbidiaih^flen^pcntesib  glTiqg  nhwBgJi  to 
solid  bodies  mfnpofied  to  conrider  tbe  otsains  tobmkk^ 
tftis^tifiDgthJis  oppoied. 

I .  A  piece  of  soiM  mattes  iftexpoadk  to  iburhnd^ 
^pcetfaf  iliiwebii  HI  the  maninn  Kif  1^^ 
.  1.  It  wasy  \x>  twn  asondtiv  «>  ia.tbsMCBA  o£  iopt% 
■iliretchersy  k]iig4)ott%  t jeJ»e^^  / 

8.  MiBmly  becnifilied^  aa  ipc  thai  cobb.  of.  ^nlliin,  poafe^ 
tmdHnupJkaaad.  -/ •••       -->.*■> 

:  Su  Jt  aaay  be.brokw.aarfaai^.iba  liagpeiis  . to;  a  jabt -.dt 
levier  of. any  kSad«.'  i 

.4.  It  nby  faei  wpvoched  fit  twiated,  aa  kk  thettae  of  1^ 
ftxle  «if  a.w}iec|,  ihft  aail  of  a.pte89).  &0. 


'S. 


.    '  t.  It  mat  be  pulled  asunder.         , 

1  3S&  XluaiaitiKanx^QkstofiaU  atE^ 
VKleedttodifeil^iofill:   Tothktfae  foimofoDheaoAiNia 
ii^icSy  ojtpoaedji  #itb  very  little  mftifinntkip  of.  its*  action; 
hy  ♦Py  jparricuhr  rircumstanflea. 

-  When  a  long  qrliiidiieal  or  {uismatie  body,  aiicb  as  m 
ffod  o£  wood  or  iadbJL^  or  n  rope^  is  dranm  by  one  cnd^  k 
nuBt'be  raaated  at  tbe  other,  in  order  to  bring  ilacohedba 
intbt  af9tioip.\  When  it  is  fistencd  at  one  ^nd,  we  camot 
dndomve  it^  any  otker  way  tlam  a«  eqoally.  atiiefeclied.iadil 
its  parts ;  few  all  nor  obaervvtionB  and  experiments onnak 
inridbodiea  cenour  in  sbovti^  us  that  the  foioea  vlridi« 
oonnect  tbeir  particka,  in  anyway  whalever,  aie  equal  and. 
oppoaite.  TUs  is  calkd  the  Mrd  lam  rf  mo^Kaa;  and  we 
fldinit  iu  liniTeraality^  while  we  affinn  that  it  b  purely*  esc- 
parivieatal  (see  Puirsics).  Yet  we  have  met  with  diaMiw 
tatioM  by  persona  of  eminent  knoi^edge,  where  propori-- 
tjonaaae  maintaoned  inoonsiatent  with.  thi&  During  the 
dispute  about  the  communication  of  motion^  some  of  tbe 
ablest  writers  have  said,  that  a  spring  compressed  or 
siaetohed  at  the  two  ends  waa  gradually  less  and  ]es9  com- 
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ptesed  'di^  stretched  fit)ni  the  extrenuties  tcnrardb  tHe 
d^t  ltd  tbe  same  irriters  aeknowledged'lhe  muYeimf 
equality  of  aetkm  and  reaction,  "wbich  is  qmte  inoompatible 
ivMr  tMt/  state  6f  the  spring.  No  such  inequality  of  com* 
pi^ssion  or  ffialalion  has  ever  been  obsem^d ;  said  a  little 
ireflectSon'Vill  show^  it't&  be  itnposidUe,  in  ooneislencr^  with 
ihe  equality  of  action  and  reaction; 
'  Sttider  all  pa/tts  are  (ttHs  eqihidly  stretched,  it  foUovra, 
that  the  strain  in  any  transverse  section  is  the  sanies  as 
a^  fb  levd^  ptnilt  dP  ditt  -section.  '  If  therefore  the  body 
be  snppos^  of  h  homogeneous  texture,  the  coheinon  of  the 

I  piiits  is  eqnaUM ;  mi  smce  every  part  is  equally  sbetdied^ 

the  j^artMes  are  drai^  to  equal  ^Kstances  from  thieir  quie»« 
cent  portions,'  and  thd  fisrces' whidi  $ge  thus  exdted,  and 
now  exerted  in  opposition  to  the  straining- fbrce,  ate  cqaaL* 
TIAs  external  fbice  may  be  imcreased  by  dtgr^es,  which' 
win  'griiduany  separate  the  parts  of  the  body  more  and 
mdri^'fiom  each  other,  and  dte  oomiecting  forces  increase' 
with  this  increase  of  distance,  tilt  at  last  the  cohesion  of 
some  pariides'  is  overcome.  This  must  be  immediately 
foBbwed  by'a  iHipture,  'because  the  remaimag  forces  are 
now  weaker  tfhon  before. 

Tt  i»  the  uiiitsetf  force  of  oohenon,  immediately  befiire 
ttv^  (fisumott  UP  the  first  partides,  that  we  caB  the  STRBKoraf 

I  of  the  secfion.    It  may  also  be  properly  called  iti  abao*. 

\        *    LiTTE  STaENGTR,  being  eiterted  in  die  simplest  form,  and 
not  mo£l!ed  by  any  tidation  to  other  circu&iBtances. 

3B4.  If  the  eictemal  force  has  not  produced  any  penna* 
nent  change  on  the  body,  and  it  therefore  recovers  its  former 
dimettfions  when  the  force  ia  withdrawn,  it  is  plain  that 
this  straitt'may  be  repeated  as  often  as  we  please,  and  the 
body  which  i^ithstandb  it  once  will  always  withstand  it 
It  is  evident  that  this  should  be  attended  to  in  all  con* 

I  stmctions,  and  that  in  all  our  investigations  on  this  sulgect 

,  this  should  be  kept  strictly  in  view.    When  we  treat  a 
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piece  of  soft  dAjr  in  this  nuunier)  and  widi  tliit  pnaawtioo, 
the  ftroe  employed  muat  be  very  ttnall.  If  we  exeeed  this, 
we  produce  a  pennanent  chaage.  The  nod  of  elay  is  not 
iadeed  torn  aaunder  ^  but  it  has  become  aomewfaat  mace 
slender :  the  number  of  partidei  in  a  cvoeB  iection  ia  now 
snalkr ;  and  therefore,  although  it  will  again,  in  tfaia  new 
form,  suffer,  or  albw  an  endless  rqietitioii  of  a  cerktm 
strain  without  any  fiurther  permanent  change^  this  strain  is 
smaller  than  the  former. 

Something  of  the  same  kindh^^pena  in  all  bodtfs  .which 
reoeife  a  sxtt  by  the  atiain  to  which  they  ate  exposed^ 
All  ductile  bodies  are  of  this  kind.    But  these  are  tna^r. 
bodies  whidi  are  not  ductile.     Such  bodies  bneak  conw 
(detely  whenever  they  are  stretched  beyond  the  limit  of. 
thdr  perfect  elasticity.    Bodies  of  a  fibrous  structure  ex- 
hibit very  great  varieties  in  thor  cohesion.    In  some  the 
fibaes  have  no  lateral  cohesion,  as  in  the  ease  of  a  rope. 
TheiNily  way  in  which  «U  the  fibres  can  be  made  to  unite, 
their  strength  is,  to  twist  them  together.   This  caussg  them - 
to  bind  eadi  other  so  fast,  diat  any  one  of  them  will  break 
before  it  can  be  drawn  out  of  the  bundle    Inotherfifarous 
bodies,  such  as  timber,  the  fibres  are  held  together  by  some 
cement  or  gluten.     Thu  is  seldom  as  strong  as  the  fibre. 
Accordingly  timber  is  mudi  easier  pulled  asunder  in  a  diw 
rectkm  tnnsvene  to  the  fibres.    There  is,  however,  every 
poasiUe  variety  in  this  particular. 

In  stretching  and  breaking  fibrous  bodies,  the  visible  ex- 
taision  is  finequently  very  considerabfe.  This  is  not  soldy 
the  increasing  of  the  distance  of  the  particles  of  the  eohe. 
ring  fibre:  the  greatest  part  chiefly  arises  from  drawing  the 
crooked  fibre  straight  In  this,  too,  there  is  great  diversity; 
and  it  b  accompanied  with  important  diffbrences  in  their 
power  of  withstanding  a  strain.  In  some  woods,  such  as  fir, 
the  fibres  on  which  the  strength  most  depends  are  very 
straight.    Such  woods  are  commonly  very  elastic,  do  not 
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tike  ««ttf  and  bndLabrapdy  when  overttr^^  otfain, 
woAm^oak  «Bd*Ufch»  have  tbeir  leasdng  fibres  very  un- 
dhdatsng  and  croolced,  and  stretch  veiy  seofihly  by  a  stiain. 
Hi^  aievery  fiaUe  to  take  a  sett,  and  th^  do  not  break 
m  snddcriy,  bat  pre  wanung  by  comphmning^  as  the  car- 
eaU  it;  that  as,  by  gmng  TinUe  signs  of  a  derange. 
It  of  textuie.  Hard  bodies  of  an  uniform  glassy  struc- 
tiUBB»''Qi  gwnikled  like  stones,  axe  elastic  through  the 
iriiole  extmt  of  their  cohesion,  and  take  no  sett,  but  bieak 
al  Moe  iiihen.'0¥exk)aded. 

ft 

Naiwkhfltandhig  the  immense  variety  which  nature  ex- 
hihits  in  thr  stmctuxe  and  cohesion  of  bodies,  there  ane 
oBrtam  gsDcral  £aet8  of  which  we  may  now  avnl  ourselves 
nitk  advaotogeft    In  particular, 

36Sft  The  absolute  cohesion  is  proportional  to  the  area  of 
the  section.  This  must  be  the  case  where  the  texture  is  per- 
ftolljF  uniform,  as  we  have  reason  to  think  it  is  in  ghssand 
the  ductile  metal&  The  cohesion  of  eadi  particle  being- 
alike,  the  whole  cohesion  must  be  proportional  to  their 
number,  that  ia,  to  the  area  of  the  secticn.  The  same 
must  be  admitted  with  respect  to  bodies  of  a  granulated 
tistuie^  where  .the  granulation  is  regular  and  uniform. 
The  same  must  be  admitted  of  fibrous  bodies,  if  we  sup- 
poae  their  fibres  equally  stronig,  equaUy  dense,  and  simUariy 
di^KMed  through  the  whole  section;  imd  this  we  must  eitho^ 
suppose,  or  must  state  the  divenuty,  and  measure  the  co- 
hmion  aooordingly. 

yie  may  therefore  assart,  as  a  general,  pnipositian  on 
this  sttlgect,  that  the  absolute  strength  in  any  part  of  a 
bodf  hj  wjiich  it  resisto  beingpuUed  asunder,  or  the  force 
which  must  be  emfdoyed  to  tear  it  asunder  in  Hmt  part,  is 
proportional  to  the  area  of  the  section  perpendicular  to  the 
extending  force. 

Therefore  all  cylindrical  or  prismatical  rods  are  equally 
stniqgiin  every  part,  and  wiU  break  abke  in  any  part; 
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iMid  bodite  vliidi  Ivive  uxiec|d«l  ndtiote  vfll'  dm^  ihiriai 
iQ  the  glenderest  jMttt  ThrteBgAof  ti»djdiiiAr)^ 
btf  DO  effect  on  tlie  fltieiigtfa ;  abdife'vUgBr!  iiiilpii^>lliit 
it  b  eaner  tx>  break  a  very  long  MpetiUi  aiAnrfe^wiiey  ifliA 
very  gceal  nuuitake.  Al»itlieiriMoh]t£8tfeaig;UiArKtf>liodm 
nfhich  have  an&lBr  notnns  aire  piopontibMliiv  tka  tqpMm 
of  their  diameters  or  homdogdiw  'sided  of  tks  ftsc^jm  ui^tfii 
The  weight  of  the  bodyitielf  iiw^  beeinkphyod  tostnni 
it  and  to  bioak  it  It  h  evidenty  thai}  a?  rop^iiAay  UeiiM 
long  as  to  break  by  its  own  weight*  When  •tba'  tope  ia 
hanging  peipcndicularly,  dthough  it  ia«i{adfy^flMB^  in 
every  part}  it  wUl  break  towards  Aie:upp(t«iiA')  faiMini^ilici 
atraiii  on  any  part  is  the  weight  of  aB  that  isibrio«fr?itiu.:i«B 
EELATivE  STRENGTH  in  any|MBt,  01?  pbwef .  of ^wifhrtAd* 
ing  the  strain  which  is  actaatty  bid  oft- it^  is  hiVerMfyas 
the quantiiy  bekiw  that  part*     '• 

866.  When  the  rope  is  istwtdied  hmaentaUyv  tmin^kntiag 
Mpf  the  strain  arising  from  itsw^ht  oftten  hctM  •Verf 
sensible  proportion  to  its  whole  storei^tfa^  »  ..    '. 

Let  AEB  (Fig.  8.)  be  any  portion  of  sach  a  fope^ iand 
AC»  BC  be  tangenta  to  the  cnrre  Sato  wl&biite  ghfri^ 
bends  it  Complete  the  paiaQdogram  AOBD^  Itisiilril 
known  that  the  carve  is  a  catenaria,  and  that  DC  ia  perk 
penchcdar  to  the  horiaon;  and  that  BC  is  <x>  AC  atodMi 
weight  of  the  rope  ABB  to  the  sCraJbai  to^  A»  ^    < 

In  order  that  a  suspended  hea^'body  may  be  -eqaidby 
able  in  every  part  to  carry  its  own  wdgbt^  die  -seetiaii.  in^ 
that  part  must  be  proportional  to  the  solid  coatsnts  of  'all 
that  is  hdow  it  Suppose  it  a  condidal  Uphidle,  feciattd  by 
the  revolution  6F  the  curve  Aae  (Fig.  4;)<rouad  the  axis 
CE.  We  most  have  AC* :  ac*  ==r  ABB  sol.  :  a  E  »  sal. 
This  condition  requires  the  loganthmie  ctiurve  for  Aa^  of 
which  C  c  is  the  axis.  >        liy.i.-./ 

These  are  the  chief  genemi  rules  whieh  eanbosttAily  de- 
duced  from  our  clearest  notions  of  the  eoliMiMi  of  bodiM 
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bionkrjlD  laakajny  ptttctkal  lite  oCtfaemy  Uis  proper  to 
hmB  mmmimamueB  {£  tfaeoohemtn  of  au^. bodies  as  lure 
oommcnly  empbjnd  in  ouciufidbanics^  luid  iQtber  structures 
irittieliueytflK  exposed  to  this  lund  of  straiiu  These  must 
k/dedoced^iSkiUy  firpm  expcdinent .  Tberefive  they  must 
lte><httflMirid  as  bq.  worn  than  gsnsial  milifcesi  or  as  the 
srranges^of nBfy  pastitttilsc  tnak.  Tl^  irregularities  mse 
very  great,  because  none  of  the  substances  .am  ocostaat  in 
their  texture  and  firmness.  Metals  differ  by  a  thousand 
circunistances  unknown  to  us,  according  to  their  purity,  to 
the  heat  with  which  they  Vere  melted,  to  the  moulds  in 
which  they  were  cast,  and  the  treatment  they  have  after. 
wards  iM^ved,  by  forging,  wire-drawing,  tempering,  &c. 

It'issLvlery  curious  and  inexplicable  fact,  that  by  forg- 
ing  %  nMaif  or  by  frequently  drawing  it  through  a  smoodi 
hole  iaa  steel  plate,  its  cohenon  is  greatly  increased.  This 
opetosliQii  undoubtedly  deranges  the  natumi  situation  of 
(hepartioles.  They  are  squeezed  doa^  together  in  one 
dirtetioii  ^  but  it  is  not  in  the  diipeotioQ  in  which  they  ne- 
flist  tba  fracture.  Tn  this  direction  thfky  are  rather  separat- 
ed t«>  a  giseater  distance.  The  genf rid  4^sity,  however,  is 
au^faBtHted  in  all  of  them  except  lead,  which  grows  rather 
rarer  by  vii^rawing :  but  its  cohesion  may  be  more  than 
tripled  .by  this  operation.  .Gold,,  wiver^  and  brass,  have 
their  iMjiesion  nearly  tripled ;  coppeir  and  ir^n  have  it  more 
thair  doubled.  Jjn..4his  .cqperatioa  th^y  also  grow  much 
harder. ' '  It  is  proper  to  heat  them  tpjredijess  after  draw- 
ing'a' fitUe.  This  is  called  nealing,0r  aTMecUing.  It 
sofljensdie  metal  -again,  and;  renders  U  susceptible  of  an- 
other drawing  without  the  risk  of  cracking  in  the  opera- 
lioB. 

We  do  not  pretend  to  give  any  explanation  of  this  re- 
flttaykable:aiid  very  imporUml^  fact,  which  has  something 
iwknbiag 'It  •inwlxidsasidj  other  fibrous  bodies,  as  will  be 
mentioned  afterwards. 
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The  varietiee  in  the  oohesum  of  stdoef  and  other  nuBb 
ends,  and  of  v^elahte  and  animal  8ubetaaoe%»aie  haidljr 
susceptible  of  any  deacriptioQ  or  claanficatkxL 

S67.  We  shall  take  for  the  meaaiue  of  oobenon  the  mmw 
ber  of  pounds  avcnrdupois  which  are  just  toffidyent  to  tear 
asunder  a  rod  or  bundle  of  one  inch.squaxe.  From  tins  it 
wiU  be  easy  to  compute  the  strength  ootrespppding  to  any 
other  dimension. 


l^f  Metals. 


lb. 

Gold,  cast. 

fSOjOOO 

Silver,  cast 

(40,000 

148,000 

f  ^    w 

'J^wn          .         -         . 

19,500 

Barbaiy 

22,000 

Copper,  cast  ■(  Hungary        .         .         . 

31,000 

Anglesea 

34,000 

,  Sweden 

37,000 

(42,000 
169,000 

Iron,  cast 

Ordinaty        ... 

68,000 

Stirian        ... 

75,000 

Iran,  bar      -j  jj^  Swedish  and  Rusoan 

84^000 

Horse-nails        .        .        - 

71,006  • 

^***'»'*'»     I  Ra«or  temper        -        - 

190^000 

150,000 

*  This  was  an  experiment  by  Muschenbroek,  ta  eisinine  the  iral- 
gar  notion  that  iron  forgjcd  from  old  hoKSMuib  wis  stroo^ar  tfasn 

all  others,  snd  ahowa  its  ialaity. 
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I  Malacca            -            -  8,100 

Banca           *                     -  3,600 

Block         -        .            .  3,800 

English  block            -  'S^SOO 

'■    ■  grain       ...        -  6,600 

Lead,  ca^t            ...            «•            •  860 

Regulua  of  antimony            ...  1,000 

Zinc 2,600 

Bismuth           .  ^         .           .           .  2,900 

S68.  It  is  very  remarkable  that  almost  all  the  mixtures  of 
metals  are  more  tenacious  than  the  metals  themselves. 
The  change  of  tenacity  depends  much  on  the  proportion 
of  the  ingredients,  and  the.  proportion  which  produces  the 
most  tenacious  mixture  is  <iifl«rent  in  the  di£Perent  metals. 
We  have  selected  the  following  from  the  experiments  of 
Muschenbroek*  The  proportion  of  ingredients  here  se- 
lected is  that  which  produces  die  greatest  strength. 

Tifo  parts  ofgold.withon^  of  silver          •        .  S8,000 

Five  parts  of  gold  with  one  of  copper            •  50,000 

Five  parts  of  silver  with  one  of  cojqper       • .      -  48,000 

FoMT,  p^s  of  silver  with  one  of  tin        -        *  41^000 

Six  parta  of  copper  with  one  of  tin           -         -  41,000 

Fiyj^ji|ct»  of  Japan  copper  with  one  of  Banca  tin.  &JfiOO 

p^^rta^  of  Chili  copper  with  one  of  Malacca  tin  60,000 

^IMOtStof  Swedish  copper  with  one  of  Malacca  tin  64,000 
^ia  coQpsts  of  copper  and  zinc  in  an  unknown 

ion ;  its  strength  is           .         .         .  51,000 

I  pacts  of  block  tin  with  one  part  of  lead    -  10,200 

^larts  (^block  tin  with  one  part  of  zinc     -  10^000 
r  Malacca  tin  .with  one  part  of  regu. 

Dony 12,000 

^  lead  with  one  of  zinc          •   .      .  4,500 

in  with  one  of  lead  and  one  of  zinc  18,000 

1 
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Tft60e  numbers  are  of  considerable  use  in  the  arts. 
The  mixtures  of  oopperund  tin  are  particularly  interest- 
ii^  in  die  fiibric  of  great  guns.  We  aee  tliat,  by  mixing 
ooppet  whose  greatest  ^strength  does  ndt  exceed  37,000, 
with  tia  which  does  not  exceed  6000,  we  pK)duce  a  metal 
whose  lenadiy  b  almost  doiMe,  at  thesame  time  that  it 
is  harder  and  more  easily  wroi^t.  It  is,  however,  more 
fufliUe,  which  is  a  great  inconyeniedi^.  We  also  see  that 
a  very  small  addition  of  zinc  almost  doubles  the  tenacity 
of  tin,  and  increases  the  tenacity  of  lead  five  tim^ ;  aael  a 
small  addition  of  lead  doubles  the  tenacity  of  tin.  These 
ate  eocMiomicai  mi&tutes.  l^hisisairetyvalvabletn^irma- 
laoB  lo  the  plumbers  fer  augmenting  the  slK9^;th  of  wateiu 
pipes. 

By  having  recourse  to  theie  tables,  the  engineer  can 
proportion  the  thickness  of  lus  pipes  (of  whiitevw  melal)f 
Id  the  piWBsnies  to  idiix^  Aey  we  etposed. 

f 

idi  Woods.    . 

309.  We  maj  premise  to  tUs  fM,  of  tiie  table  the  fi>{* 
krwinggenend  observations : 

1<  Thewood-  imniedbt^y  sam>unding  tlie  {Ath  or  heert 
ijf  the  tree  is  the  weakest,  add  Hs  infcfiotity  is  io  inch 
mcve  remarkable  as  the  tree  is  oldic¥.  In  tfiis  assertion, 
however,  we  speak  wHh  soite  heAutatidn.  .Musehenbroek^s 
Seha  of  experiihents  is  decidedly  in  th^  aMttniitive^  .  Mtr 
Bu&n,  on  the  other  hand,  ^ays,  that'hfa  expo^iedoes  teas 
taught  him  that  the  heaortof  a  sound  tsee  is  the  strongest ; 
but  he  gives  no  mstances.  We  are  ceriiain,  JTibtti  many  db. 
servations  of  our  own,  on  very  Idrge  oaks  and  fts,  that  die 
heart  is  much  weaker  than  the  exterior  pkrls. 

S.  The  wood  next  the  bark,  commonly  called  the  tMU 
or  bleoy  is  also  weaker  than  the  rest;  and  the  wood  gra,- 
dually  increases  in  strength  as  wc  recede  froih  the  centre 
totheblea. 
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&  The  wood  is  stronger  in  the  middle  of  the  trunk 
than  at  th<^  springing  of  the  branches  or  at  the  root ;  and 
the  wood  of.  the  branches  is  weaker  than  that  of  the 
trunk.       . 

4;  The  wood  of  the  north  side  of  all  trees  which  grow 
in  our  European  climates  is  the  weakest,  And  that  of  the 
<«duth-east  iside  is  the  strangest ;  and  the  difference  is  most 
^remarkable  in  hedge>row  trees,  and  such  as  grow  singl}^ 
•The  heart  of  a  tree  is  never  in  its  centre,  but  always 
jiearer  to  the  north  side,  and  the  annual  coats  of  wood  art 
.tbioDcr  dn  that  side.  In  conformity  with  this,  it  is  a  ge- 
«eraL  opinion  of  carpenters  that  timber  is  stronger  whose 
anqual  plates  are  thicker.  The  trachea  or  air-vessels  are 
•weaker  than  the  simple  ligneous  fibres.  These  air-vesseb 
•are  the  same  iq  diameter  and  number  of  rows  in  trees  of 
Ih^  same  species,  and  they  make  the  Tisible  separation  be- 
jtween  the  annual  plates.  Therefore  when  these  are  thickei^ 
they  contain  a  greater  proportion  of  the  simple  ligne;oui 
fibres. 

5.  All  woods  are  more  tenacious  while  green,  and  lose 
rery  considerably  by  drying  after  the  trees  are  felled: 

The  only  author  who  has  put  it  in  our  power  to  judge 
of  the  propriety  of  his  experiments  is  Muschenbroek.  Qe 
has  described  his  method  of  trial  minutely,  and  it  seems 
unexceptionable.  .The.  woods  were  all  formed  into  sKps 
fit  for  his  apparatus,  and  part  of  .the  slip  was  cut  away 
to  a  parallelopiped  of  |th  of  ^n  inch  square,  and  therefore 
f^^th  of  a  square  inch  in  section.  .The  absolute  strengths 
of  a  square  inch  were  as  follows : 


lb. 

lb. 

-361.  Locust  tree 

20,100 

Mulberry    . 

12,500 

Jnjeb 

18,^00 

Willow  .    . 

12,500 

Beech^  oak  . 

17,300 

Ash    ;     .     . 

12,000 

Orange   .    ; 

15,500 

Plum      .     . 

11,800 

Alder      .    . 

13,900 

Elder      .    . 

10,000 

Elm  ,.    i    i 

13)200 

P.om^ranate 

9,760 

tOL.  I,  2  c 
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lb. 

lb. 

Lemon 

.    9,2S0 

Quince 

.    6,750 

Tamarind 

.    8)750 

CypreM    . 

.    6,000 

Fir.    .     . 

.    8,330 

Foplar 

.    5,500 

Walnut    . 

.    8,130 

Cedar  .    . 

.    4^880 

Fitch  pine 

.    7,660 

Mr  M uschenbroek  has  given  a  ¥«>/  minute  detail  of  the 
experiments  on  the  ash  and  the  walnut,  stating  the  weights 
which  were  required  to  tear  asunder  slips  taken  from  the 
four  sides  of  the  tree^  and  on  each  side  in  a  regular  pro* 
gression  from  the  centre  to  the  circumference.  The  num- 
bers of  this  table  corresponding  to  these  two  timbers  may 
therefore  be  considered  as  the  average  of  more  than  50 
trials  made  of  each ;  and  he  says  that  all  the  others  were 
made  with  the  same  care.  We  cannot  therefore  8e«  any 
reason-  for  not  confiding  in  the  results ;  yet  they  are 
considerably  higher  than  those  given  by  some  other  writ- 
ers. Mr  Pitot  says,  on  the  authority  of  his  own  experi* 
ments,  and  of  those  of  Mr  Parent,  that  60  pounds  will 
just  tear  asunder  a  square  line  of  sound  oak,  and  that  it 
will  bear  60  with  safety.  This  gives  8640  for  the  utmost 
strength  of  a  square  inch,  which  is  much  inferior  to  Mus« 
ehenbroek^s  valuation. 

We  may  add  to  these, 

362.  Ivory 16,270 

Bone 5,250 

Horn  .,.•..  8,750 
Whalebone  .  .  .  .  .  7,500 
Tooth  of  sea-calf       ....        4,075 

303.  The  reader  will  surely  observe,  that  these  numbers 
express  something  more  than  the  utmost  cohesion ;  for 
the  weights  are  such  as  will  very  quickly,  that  is,  in  a 
minute  or  two,  tear  the  rods  asunder.  It  may  be  said 
in  general,  that  two-thirds  of  these  weights  will  sensibly 
impair  the  strength  aflber  a  considerable  while,  and  that 
one^half  is  the  utmost  that  can  remain  suspended  at  them 
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without  risk  for  ever ;  and  it  is  this  last  allotment  that 
the  engineer  should  reckon  upon  in  his  constructions. 
There^  is,  however,  considerable  difference  in  this  respect* 
Woods  of  a  very  straight  fibre,  such  as  fir,  will  be  leis  im^ 
paired  by  any  load  which  is  not  sufficient  to  break  them 
immediately. 

According  to  Mr  Emerson,  the  load  which  may  he 
safely  suspended  to  ah  inch  square  is  as  follows : 


76,400 

35,600 

19,600 

16,700 

7,850 

6,070 

5,360 

5,000 

4,760 

4,290 

430 

914 


Iron  .        . 

Brass 

Hempen  rope 

Ivory  .        .        .      ^ 

Oak,  box,  yew,  plum-tree 

lElmf  ash,  beech 

Walnut,  plum    ; 

Red  fir,  holly,  elder,  plane, 

Chertji  hazle 

Alder,  asp,  birch,  willow 

Lead 

Freestone   .        •    ,    . 

lie  gives  us  a  practical  rule,  that  a  cylinder  whose  dia-* 
meter  is  d  inches^  loaded  td  one-fourth  of  its  absolute 
strength^  will  carry  as  follows  : 

Iron 

Good  rope 
Oak  , 

Fir  . 

Tb#_rank  which  the  diff*efent  woods  hold  in  this  list  of 
Mr  Emerson^s  is  very  different  from  ^hat  we  find  la 
Muschenbroek''s<  But  precise  measures  must  not  be  ex- 
pected  in  this  matter.  It  is  wonderful  that  in  a  matter 
of  such  unijuestionable  importance  the  public  has  hot  en« 
^bled  some  persons  of  judgment  to  make  proper  trials* 
They  are  beyond  the  abilities  of  private  persons. 


1351 

22 

14 

9 


Cwt. 
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II.    BODIES  MAY  BE  CRUSHED. 

.  364  It  is  of  equal,  perhaps  greater^  importance  to  knoTi^ 
the  strain  which  may  be  laid  on  solid  bodies  without  danger 
of  crushing  them.  Pillars  and  posts  of  all  kinds  are  exposed 
to  this  strain  in  its  simplest  form ;  and  there  are  cases  where 
(he  strain  is  enormous,  viz.  where  it  arises  from  the  ob- 
lique position  of  the  parts ;  as  in  the  struts,  braces,  and 
trusses,  which  occur  verj  frequentlj  in  our  great  works. 

It  is  therefore  most  desirable  to  have  some  general 
knowledge  of  the  principle  which  determines  the  strength 
of  bodies  in  opposition  to  this  kind  of  strain.  But  unfor- 
tunately we  are  much  more  at  a  loss  in  this  than  in  the 
last  case.  The  mechanism  of  nature  is  much  more  com- 
plicated in  the  present  case.  It  must  be  in  some  circui- 
tous way  that  compression  can  have  any  tendency  to  tear 
asunder  the  parts  of  a  solid  body,  and  it  is  very  difficult 
to  trace  the  steps. 

If  we  suppose  the  particles  insuperably  hard  and  in  con- 
tact, and  disposed  in  lines  which  are  in  the  direction  of 
the  external  pressures,  it  does  not  appear  how  any  pressiire 
can  disunite  the  particles ;  but  this  is  a  gratuitous  suppo^ 
sition.  There  are  infinite  odds  against  this  precise  ar- 
rangement of  the  lines  of  particles ;  and  the  compressibi- 
lity of  all  kinds  of  matter  in  some  degree  shows  that  the 
particles  are  in  a  situation  equivalent  to  distance.  This 
being  the  case,  and  the  particles,  with  their  intervals,  or 
what  is  equivalent  to  intervals,  being  in  situations  that  are 
oblique  with  respect  to  the  pressures,  it  must  follow,  that 
by  squeezing  them  together  in  one  direction,  they  are  made 
to  bilge  out  or  separate  in  other  directions.  This  may 
proceed  so  far  that  some  may  be  thus  pushed  laterally  be<% 
yond  their  limits  of  cohesion.  The  moment  that  this 
happens  the  resistance  to  compression  is  diminished,  and 
the  body  will  now  be  crushed  together.  We  may  form 
some  notion  of  this  by  supposing  a  number  of  spherules^ 
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like  small  shot,  sticking  together  by  means  of  a  cement. 
Compressing  this  in  some  particular  direction  causes  the 
spherules  to  act  among  each  other  like  so  many  wedges, 
each  tending  to  penetrate  through  between  4he  three 
which  lie  below  it :  and  this  is  the  simplest,  and  perhaps' 
the  only  distinct  notion  we  can  have  of  the  matter.  We 
have  reason  to  think  that  the  constitution  of  very  home- 
geneous  bodies,  such  as  glass,  i^  not  very  different  from 
this.  The  particles  are  certainly  arranged  symmetrically 
in  the  angles  of  some  regular  solids.  It  is  only  such  an 
arrangement  that  is  consistent  with  transparency,  and 
with  the  free  passage  of  light  in  every  direction. 

365.  If  this  be  the  constitution  of  bodies,  it  appears 
probable  that  the  strength,  or  the  resistance  which  they 
are  capable  of  making  to  an  attempt  to  crush  them  to 
pieces,  is  proportional  to  the  area  of  the  section  whose 
plane  is  perpendicular  to  the  external  force ;  for  each  par- 
ticle being  similarly  and  equally  acted  on  and  resisted, 
the  whole  resistance  must  be  as  their  number ;  that  is,  as 
the  extent  of  the  section. 

Accordingly  this  principle  is  assumed  by  the  few  writers 
who  have  considered  this  subject ;  but  we  confess  that  it 
appears  to  us  very  doubtful.  Suppose  a  number  of  brittle 
or  friable  balls  lying  on  a  table  uniformly  arranged,  but 
not  cohering  hor  in  contact,  and  that  a  board  is  laid  ov^r 
them  and  loaded  with  a  weight ;  we  have  no  hesitation  in 
saying,  that  the  weight  necessary  to  crush  the  whole  col- 
lection  is  [Hroportional  to  their  number  or  to  the  area  of 
the  section.  But  when  they  are  in  contact  (and  still  more 
if  tney  cohere),  we  imagine  that  the  case  is  materially 
altered.  Any  individual  ball  is  crushed  only  in  conse- 
quence of  its  being  bulged  outwards  in  the  direction  per- 
pendicular to  the  pressure  employed.  If  this  could  be 
prevented  by  a  hoop  put  round  the  bail  like  an  equator, 
we  cannot  see  how  any  force  can  crush  it.  Any  thing 
therefore  which  makes  this  bulging  outwards  more.diffi- 
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cttlty  makes  a  greater  force  necessary.  Now  this  effect 
will  be  produced  bjr  the  mere  contact  of  tb^  balls  before 
the  pressure  is  applied ;  for  the  central  ball  cannot  swell 
outward  laterally  without  pushing  away  the  balls  on  all 
^id^s  of  it  This  is  prevented  by  the  friction  on  the  table 
and  upper  board,  -which  is  at  least  equal  to  one-third  of 
the  pressure.  Thus  any  interior  6all  becomes  stronger 
by  the  mere  vicinity  of  the  others ;  and  if  we  farther  sup- 
pose them  to  cohere  laterally,  we  think  that  its  strength 
will  be  still  more  increased 

The  analogy  between  these  balls  and  the  cohering  par« 
tides  of  a  friable  body  is  very  perfect.  We  should  there- 
fore expect  that  the  strength  by  which  it  resists  being 
crushed  will  increase  in  a  greater  ratio  than  that  of  the 
section,  or  the  square  of  the  diameter  of  similar  sections ; 
and  that  a  square  inch  of  any  nuitter  will  bear  a  greater 
weight  in  proportion  as  it  makes  a  part  of  a  greater  sec- 
tion. Accordingly,  this  appears  in  many  experiments,  as 
will  be  noticed  afterwards.  Muschenbroek,  Buler,  and 
some  others,  have  supposed  the  strength  of  columns  to  be 
as  the  biquadrates  of  their  diameters.  But  Euler  deduced 
this  from  formule  which  occurred  to  him  in  the  course  of 
his  algebraic  analysis ;  and  he  boldly  adopts  it  as  a  prin- 
ciple, without  looking  fot  its  fouadation  in  the  physical 
assumptions  which  he  had  made  in  the  beginning  of  his 
investigation*  But  some  of  his  original  assumptions  were 
as  paradoxical,  or  at  least  as  gratuitous,  as  these  results  : 
.  and  those,  in  particular,  from  which  this  proportion  of  the 
•strength  of  columns  was  deduced^  were  almost  foreign  to 
<the  case ;  and  therefore  the  inference  was  of  no  value. 
Yet  it  was  received  as  a  principle  by  Muschenbroek,  and 
by  the  academicians  of  St  Petersburgh.  We  make  thesp 
Tcry  few  observations,  because  the  subject  is  of  great 
practical  importance ;  and  it  is  a  great  obsta(^le  to  im- 
provements when  deference  to  a  great  name»  joined  to 
incapacity  or  indolence,  causes  authors  to  adopt  his  care- 
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less  reveries  as  principles  from  which  they  are  afterwards 
to  draw  important  consequences.  It  must  be  acknow- 
ledged that  we  have  not  as  yet  established  the  relatioQ 
between  the  dimensions  and  the  strength  of  a  pillar  on 
solid  mechanical  principles*  Experience  plainly,  t^ontra* 
diets  the  general  opinion,  that  the  strength  is  propor« 
tional  to  the  area  of  the  section ;  but  it  is  still  morein- 
consistent  ¥rith  the  opinion,  that  it  is  in  the  quadruplicate 
ratio  of  the  diameters  of  similar  sections.  It  would  seem 
that  the  ratio  depends  much  on  the  internal  structure  of 
the  body;  and  experiment  seems  the  only  i^aetbod  for 
ascertaining  its  general  laws. 

366.  If  we  suppose  the  body  to  be  of  a  fibrous  texture^ 
having  the  fibres  situated  in  the  direction  of  the  pressure, 
and  slightly  adhering  to  each  other  by  some  kind  of  ce- 
ment, such  a  body  will  fail  only  by  the  bending  of  the 
iibres,  by  which  they  will  .break  the  cement  and  be  de^ 
tached  from  each  other.  Something  like  this  may  be 
supposed  in  wooden  pillars.  In^sucb  cases,  too,  it  would 
appear  that  the  resistance  must  be  as  the  number  of 
equally  resisting  fibres,  and  as  their  mutual  support, 
jointly,  and  therefore  as  some  function  of  th^  area  of 
.the  section.  The  same  thing  must  happen  if  the  fibres 
are  naturally  crooked  or  undulated,  as  is  observed  in 
many  woods,  &c.  provided  we  suppose  some  similarity  in 
their,  form.  Similarity  of  some  kind  must  always  be  sup- 
posed,  otherwise  we  need  never  aim  at  any  general  infe- 
rences. 

In  all  cases  therefore  we  can  hardly  refuse  admitting, 
that  the  strength  in  opposition  to  compression  is  propor- 
tional to  a.  function  of  the  area  of  the  section. 

As  the  whole  length  of  a  cylinder  or  prism  is  equally 
pressed,  it  does  not  appear  that  the  strength  of  a  pillar  is 
at  all  affected  by  its  length.  If  indeed  it  be  supposed  to 
bend  under  the  pressure,  the  case  is  greatjy  changed,  ber 
aause  it  is  thm  exposed  to  a  transverse  strain ;  and  this 
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increases  wllh  the  length  of  the  pillar.  But  thi&  will  b^ 
eoasidered  with  due  attention  under  the  next  dass  o( 
atrains. 

Few  experiments  bare  been  made  on  this  species  of 
strength  and  strain.  Mr  Pitot  sajs,  that  his  experiments^ 
and  those  of  Mr  Parent,  show  that  the  force  necessary  fov 
larushing  a  body  is  nearly  equal  to  that  which  will  tear  it 
asunder.  He  says  that  it  requires  something  more  than 
60  pounds  on  every  square  line  to  crush  a  piece  of  sound 
oak.  But  the  rule  is  by  no  means  general :  Glass,  for 
instance,  will  carry  a  hundred  times  as  much  as  oak  in 
this  way,  that  is,  resting  on  it ;  but  will  not  suspend  above 
feur  or  five  times  as  much.  Oak  will  suspend  a  great 
deal  more  than  fir ;  but  fir  will  carry  twice  as  much  as  a 
pillar.  Woods  of  a  soft  texture,  although  consisting  of 
very  tenacious  fibres,  are  more  easily  crushed  by  their 
load.  This  softness  of  texture  is  chiefly  owing  to  their 
fibres  not  being  straight  but  undulated,«and  there  being 
considerable  vacuities  between  them,  so  that  they  are 
easily  bent  laterally  and  crushed.  When  a  post  is  over- 
strained by  its  load,  it  is  observed  to  swell  sensibly  in 
diameter.  Increasing  the  load  causes  longitudinal  cracks 
or  shivers  to  appear,  and  it  presently  after  gives  way* 
This  is  called  crippling. 

In  all  cases  where  the  fibres  lie  oblique  to  the  strain  the 
strength  is  greatly  diminished,  because  the  parts  qm  then 
be  made  to  slide  on  each  other,  when  the  cohesion  of  the 
cementing  matter  is  overcome. 

Muschenbroek  has  given  some  experiments  on  this  sub- 
ject ;,  but  they  are  cases  of  long  pillars,  and  therefore  do  < 
not  belong  to  this  place.     They  will  be  considered  afleiv 
Vards. 

The  only  experiments  of  which  we  have  seen  any  do- 
tail  (and  it  is  useless  to  insert  mere  assertions)  are  those 
of  Mr  Gauthey,  in  the  4th  volume  of  Boxier's  Journal  de 
PhysiqvM.    This  engineer  exposed  to  great  pressures  smaU 
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reetangular  parallelopipeds,  cut  from  a  great  variety  o^ 
Hones,  and  noted  the  weights  which  crushed  them.  The^ 
following,  table  exhibits  the  medium  results  of  many  trials- 
on  two  very  uniform  kinds  of  freestone,  one  df  diem 
among  the  hardest  and  the  other  amoag  the  softest  used 
in  building.  ^ 

367.  Column  1st  expresses  the  length  of  the'  sec^ 
tion  in  French  l|nes  or  12ths  of  an  inch ;  column  2d  ez^ 
presses  the  breadth ;  column  3d  is  the  area  of  the  see-> 
tion  in  square  lines ;  column  4th  is  the  number  of  ounces 
required  to  crush  the  piece ;  column  5th  is  the  weight 
which  was  then  borne  by  each  square  line  of  the  section^ 
and  column  6th  is  the  round  numbers  to  which  Mr  GaU'jK 
they  imagines  that  those  in  column  5th  approximate. 


.    Hard  StoM^ 

No.  of 
Exp. 

l^ength  Breadtl^ 
of  the    of  the 
Sebtion  Section. 

Area  of  the 

Section. 

Ounces  ne- 
cessary to 
crush  it. 

Weight  borne 
by  each,  square 
inch. 

1 

8    • 

8 

64 

736 

11,5        1* 

2 

8 

12 

96 

2625 

27,3        24 

3 

8 

16 

128 

4496 

35,1        36 

• 

Soft  Stone 

• 

■ 

.4 

9 

16 

144 

560 

3,9        4 

5 

9 

18 

162 

848 

5,3        4,5 

6 

18 

18 

324 

2928 

9           9 

7 

18 

24  ,. 

432 

5296 

12,2        12 

Little' can  be  deduced  from  these  experiments:  Th^ 
1st  and  3d,  compared  with  the  5th  and  6th,  should  fu]> 
nish  similar  results;  for  the  Ist  and  5th  are  respectively 
half  of  the  9d  and  6th :  but  the  3d  is  three  times  stronger 
(that  is,  a  line  of  the  3d)  than  the  first,  whereas  the  6lb 
is  only  twice  as  strong  as  the  5th. 

It  is  evident,  however,  that  the  strength  increases  mucb 
faster  than  the  area  of  the  section,  and  that  a  square  line 
.^an  (;arry  more  and  more  wright>  according  a9  it  make^.  (^ 
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'  part  of  a  larger^and  larger  Beciion.  In  tbe  series  of  ex- 
periments on  the  soft  stone,  the  individual  strength  of  e 
square  line  seems  to  increase  nearly  in  the  proportion  of 
Ihe  lection  of  which  it  makes  a  part. 

Mr  Ganthej  deduces,  from  the  whole  of  his  numerous 
experiments,  that  a  pillar  of  hard  stone  oi  Gtvrj,  whose 
section  is  a  square  foot,  will  bear  with  perfect  safety 
664,000  pounds,  and  that  iU  extreme  strength  is  871^000, 
and  the  smallest  strength  obsenred  ip  any  of  his  experi« 
ments  was  460,000.  The  soft  bed  of  Givrj  stone  had  for 
ks  smallest  etrength  187,000,  for  its  greatest  311,000, 
and  for  its  safe  load  .849,000.  Good  brick  wiU  eaixy  witii 
safety  3S0,000 ;  chalk  will  carry  only  9000.  The  boldesi 
piece  of  architecture  in  this  respect  which  he  has  seen  is 
a  pillar  in  the  church  of  All-Saints  at  Angers.  It  is  24 
feet  long  and  11  inches  square,  iEind.is  loaded  with  60,000, 
which  is  not  ^th  of  what  is  necessary  for  crushing  it. 

368.  We  may  observe  here  by  the  way,  that  Mr  Gau- 
they^s  measure  of  the  suspending  strength  of  stone  is 
Tvstly  small  in  proportion  to  its  power  of  supporting  a 
load  laid  above  it.  He  finds  that  a  prism  of  the  hard  bed 
of  Givry,  of  a  foot  section,  is  torn  asunder  by  4600 
pounds ;  and  if  it  be  firmly  fixed  horizontally  in  a  wall, 
it  will  be  broken  by  a  weight  of  66,000  suspended  a  foot 
from  the  wall.  If  it  rest  on  two  props  at  a  foot  distance, 
it  will  be  broken  *by  206,000  laid  on  its  middle.  These 
experiments  agree  so  ill  with  each  other,  that  little  use 
can  be  made  of  them.  The  subject  is  of  great  import- 
ance, and  well  deserves  the  attention  of  the  patriotic  phi- 
losopher. 

369.  A  set  of  good  eiperiments  would  be  very  valu- 
able, because  it  is  against  this  kind  of  strain  that  we 
must  guard  by  judicious  construction  in  the  most  de- 
licate and  difficult  problems  which  come  through  the 
hands  of  the  civil  and  military .  engineer.  The  con- 
struction of  stone  arches,  and  great  wooden  bridges,  nod 


STRBNQTH  OP  MATERIALS*  4U 

particularly  the  cbnstruction  of  the  frames  of  carpentry 
called  centres  in  the  erection  of  dtone  bridges,  are  the  most 
difficult  jobs  that  occur  In  the  centres  on  which  the 
arches  of  the  bridge  of  Orleans  were  built,  some  of  the 
pieces  of  oak  were  carrying  upwards  of  two  tons  on -every 
square  inch  of  their  6cantUng.  All  who  saw  it'  said  that 
it  was  not  able  to  carry  the  fourth  part  b(  the  intended 
load.  But  the  lingineer  understood  the  pHnciples  of  his 
art,  and  ran  the  risk :  and  the  result  completely  jusiitied 
his  confidence ;  for  the  centre  did  not  complain  in  anj 
part,  only  it  was  found  too  supple ;  so  that  It  went  out 
of  shape  while  the  haunches  only  of  the  arch  were  laid  on 
it  The  engineer  corrected  this  by  loading  it  at  the 
crown,  and  thus  kept  it  complietely  ih'  shape  during  die 
progress  of  the  work.  ■  * 

In  the  old  Memoirs  of  the  Academy  of  Petersburgh 
for  177B,  there  is  a  dissertation  by  Euler  on  this  subject, 
but  particularly  limited  to  the  strain  on  columns,  in  which 
the  bending  is  taken  into  the  account.  Mr  Fuss  has 
treated  the  same  subject  with  relation  to  carpentry  in  a 
subsequent  volume.  But  there  is  little  in  these  papers 
besides  a  dry  mathematical  disquisition,  proceeding  on 
assumptions  wbich«(tp  speak  favourably)  are  extremely 
gratuitous.  The  most  important  consequence  of  the 
compression  is  wholly  overlooked,  as  we  shall  presently 
see.  Our  knowledge  of  the  mechanism  of  cohesion  b 
as  yet  far  too  imperfect  to  entitle  us  to  a  confident  ap- 
plicntion  of  mathematics.  Experiments  should  be  miil. 
iiplied. 

370.  The  only  way  we  can  hope  to  make  these  experi-* 
meats  useful  is  to  pay  a  careful  attention  to  the  mdnnet 
in  which  (he  fracture  is  produced.  By  discovering  the 
general  resemblances  in  thb  particular,  we  advance  a  step 
in  our  power  of  introducing  mathematical  measurement. 
-Thus,  when  a  cubical  piece  of  bhalk  is  slowly  crushed  be- 
tween the  chaps  of  a  vice,  we  see  it  uniformly  split  in  k 
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tfarfaee  oblique  to  the  pressure,  and  the  two  parts  then 
ilide  along  the  surface  of  fracture.  This  should  lead  us 
to  examine  mathematicalij  what  relation  there  is  between 
this  surface  of  fracture  and  the  necessarj  force ;  then  we 
should  endeavour  to  determine  experimentallj  the  posi« 
tion  of  this  surface.  Having  discovered  seme  general  law 
or  resemblance  in  this  circumstance^  we  should  trj  what 
mathematical  hypothesis  will  agree  with  this.  Having 
found  one^  we  may  then  apply  our  simplest  notions  of 
cohenon,  and  compare  the  result  of  our  computations 
with  experiment.  We  are  authorised  to  say,  that  a  series 
of  experiments  have  been  made  in  this  way,  and  that 
their  results  have  been  very  uniform,  and  therefore  satis-^ 
factory,  and  that  they  will  soon  be  laid  before  the  publie 
as  the  foundation  of  successful  practice  in  the  constructioa 
of  arches: 


III.    A  BODY  MAY  BE  BROKEIN  ACROSS. 

S71.  The  most  usual,  and  the  greatest  strain,  to  which 
materials  are  exposed,  is  that  which  tends  to  break  them 
transversely.  It  is  seldom,  however,  that  this  is  done  in 
a  manner  perfectly  simple ;  for  when  a  beam  projects  ho* 
risontally  from  a  wall,  and  a  weight  is  suspended  from 
its  extremity,  the,  beam  is  commonly  broken  near  the 
wall,  and  the  intermediate  part  has  performed  the  func- 
tions of  a  lever.  It  sometimes,  though  rarely,  happens 
that  the  pin  in  the  joint  of  a  pair  of  pincers  or  sciissars  is 
cut  through  by  the  strain ;  and  this  b  almost  the  only 
case  of  a  simple  transverse  fracture.  Being  so  rare,  we 
may  content  ourselves  with  saying,  that  in  this^  case  the 
strength  of  the  piece  is  proportional  to  the  area  of  the 
section. 

378.  Experiments  were  made  for  discovering  the  re- 
j^tances  made  by  two  bodies  to  this  kind  of  strain  iq  tji^ 
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4  ^ 

folio witig  manner :  Two  iron  bars  were  disposed  hoti* 
srontally  at  an  inch  distance ;  a  third  hung  perpendicu- 
larly  between  them^  being  supported  by  a  pin  made  of 
the  substance  to  be  ejcamined.  This  pin  was  made  of  a 
prismatic  form,  so  as  to  fit  exactly  the  holes  in  the  thre^ 
bars,  which  were  made  very  exact,  and  of  the  same  size 
and  shape.  A  scale  was  suspended  at  the  lower  end  of 
the  peipendicular  bar,  and  loaded  till  it  tore  out  that 
part  of  the  pin  which  filled  the  middle  hole.  This  weight 
was  evidently  the  measure  of  the  lateral  cohesion  of  two 
sections.  The  side-bars  were  made  to  grasp  the  middle 
bar  pretty  strongly  between  them,  that  there  might  be 
no  distance  imposed  between  the  opposite  pressures. 
This  would  have  combined  the  energy  of  a  lever  with  the 
purely  transverse  pressure.  For  the  same  reason  it  waa 
necessary  that  the  internal  parts  of  the  holes  should  be 
no  smaller  than  the  edges.  Great  irregularities  occurred 
in  our  first  experiments  from  this  cause,  because  the  pins 
were  somewhat  tighter  within  than  at  the  edges;  but 
when  this  was  corrected  they  were  extremely  regular. 
We  employed  three  sets  of  holes,  viz.  a  circle^  a  square 
(which  was  occasionally  made  a  rectangle  whose  length 
was  twice  its  breadth),  and  an  equilateral  triangle.  We 
found  in  all  our  experiments  the  strength  exactly  pro- 
portional to  the  area  of  the  section^  and  quite  indepen* 
dent  of  its  figure  or  position,  and  we  found  it  consider- 
ably above  the  direct  cohesion ;  that  is^  it  took  consider- 
ably more  th«i  twice  the  force  to  tear  out  this  middle 
piece  than  to  tear  the  pin  asunder  by  a  direct  pull.  A 
piece  of  fine  freestone  required  205  pounds  to  pull  it  di- 
rectly asunder,  and  575  to  break  it  in  this  way. 

373.  The  difference  was  very  constant  in  any  onesubstance^ 
but  vilried  from  |ds  to  §ds  in  different  kinds  of  matter,  be- 
ing smallest  in  bodies  of  a  fibrous  texture.  But  indeed  we 
could  not  make  the  trial  on  any  bodies  of  considerable 
CQhesion,  because  they  required  such  forces  as  our  appa- 
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fBtus  could  not.  rapport.  Chalk,  clay  baked  in  the  sun, 
baked  sugary  brick,  and  freestone,  were  the  strongest  that 
we  could  examine. 

But  the  more  common  case,  where  the  energy  of  H 
lever  tnterrenes,  demands  a  minute  examination. 

374.  Let  DABC  (Plate  V.  fig.  1.)  be  a  vertical  section 
of  a  prismatic  solid  (that  is,  of  equal  size  tliroughout)^ 
projecting  horizontally  from  a  wall  in  which  it  is  firmly 
fixed ;  and  let  a  weight  P  be  hung  on  it  at  B^  or  let  Mf 
power  P  act  at  B  in  a  direction  perpendicular  to  AB. 
Suppose  the  body  of  insuperable  strength  in  every  part 
except  in  the  vertical  section  DA,  perpendicular  to  its 
length.  It  must  break  ia  this  section  only.  Let  the  co« 
besion  be  uniform  over  the  whole  of  this  section ;  that  is, 
let  each  of  the  adjoining  particles  of  the  two  parts  cohere 
with  an  equal  force  yi 

There  are  two  ways  in  which  it  may  break.  The  part 
ABCD  may  simply  slide  dowa  along  the  surface  of  frac* 
ture,  provided  that  the  power  acting  at  B  is  equal  to  tlie 
accumulated  force  which  is  exerted  by  every  particle  of 
the  section  in  the  direction  AD. 

*  But  suppose  this  effectually  prevented  by  something 
that  supports  the  point  A.  The  action  at  P  tends  to 
■lake  the  body  turn  round  A  (or  round  a  horizontal  line 
passing  through  A  at  right  angles  to  AB)  as  round  a 
joint.  This  it  cannot  do  without  separating  at  the  line 
DA.  In  this  case  the  adjoining  particles  at  D  or  at  C 
will  be  separated  horizontally.  But  their  cohesion  resists 
this  separation.  In  order^  therefore,  that  the  fracture 
may  happen,  the  energy  oi*  momentum  of  the  power  P, 
acting  by  means  of  the  lever  AB,  must  be  superior  to  the 
accumulated  energies  of  the  particles.  The  energy  of 
each  depends  not  onljr  on  its  cohesive  force,  but  also  on 
its  situation ;  for  the  supposed  insuperable  firmness  of  the 
rest  of  the  body  makes  it  a  lever  turning  round^  the  ful^ 
crwi  A,  and  the  cohesion  of  each  particle,  such  as  D  ov' 
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E,  acts  by  means  of  the  arm  DA  or  EA.  The  energy  cff 
each  particle  will  therefore  be  had  by  multiplying  th^ 
force  exerted  by  it  in  the  instant  of  fracture  by  the  arm 
of  the  lever  by  which  it  acts. 

Let  us  therefore  first  suppose^  that  in  the  instant  of 
fracture  every  particle  is  exerting  an  equal  force  /.  The 
energy  of  D  will  be/x  DA,  and  that  of  E^ill  be/x  EA» 
and  thai  of  the  whole  will  be  the  sum  of  all  these  pro« 
dutets.  Let  the  depth  DA  of  the  section  be  calkd  d,  and 
let  any  undetermined  part  of  it  £A  be  called  «,  and  then 
the  space  occupied  by  any  particle  will  be  x.  The  cohe- 
sion of  this  space  may  be  represented  by/x,  and  that  of 
the  whole  by /A  The  energy  by  which  each  element  x 
of  the  line  DA,  or  d,  resists  the  fracture,  will  be/ap  x,  and 
the  whole  accumulated  energies  will  be  /  xfx  i.      This 

we  know  to  be/xi<i',  wr/dxi  A  It  is  the  same 
therefoie  as  if  the  cohesion  fd  of  the  whole  section  had 
been  acting  at  the  point  G,  which  is  in  ibie  middle  of 

DA 

The  reader  who  is  not  familiiurly  acquainted  with  the 
fluxionary  calculus  may  arrive  at  the  same  conclusion  iif 
another  way.  Suppose  the  beain,  instead  of  projecting 
horizontally  from  a  wall,  to  be  hanging  from  the  ceiling, 
in  wiuch  it  is  firmly  fixed.  Let  us  consider  how  the 
equal  cohesion  of  every  {uurt  t)perates  in  hindering  the 
lower  part  from  separating  from  the  upper  by  opening 
round  the  joint  A.  The  equal  cohe^on  operates  just  as 
equal  gravity  would  do,  but  in  the  opposite  direction^ 
Now  we  know,  by  the  most  elementary  mechanics,  that 
the  effect  of  this  will  be  the  same  as  if  the  whole  weight 
were  concentrated  in  the  centre  of  gravity  G  of  the  line 
DA,  SEoA  that  this  point  G  is  in  the  middle  of  DA.  Now 
the  number  of  fibres  being  as  the  length  d  of  the  line, 
«nd  the  cohesion  of  each  fibre  being  s:  j^  the  cohefiioa  of 
the  whole  line  is  /x  d  or/d. 
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The  aocumulaied  enei-gy  therefore  of « the  cohesion  ijk 
tile  iJUtaDt  of  fracture  \s  fdx  ^  d.  Now  this  must  b^ 
«qual  or  just  inferior  to  the  energy  of  the  powier  employ- 
ed to  break  it  Let  the  length  AB  be  called  / ;  then 
P  X  /  is  the  corresponding  energy  of  the  power.  This 
•gives  us  fd^  d:=  p  I  for  the  equation  of  equilibrium  cors- 
responding  to  the  vertical  section  ADCB. 

Suppose  now  that  the  fracture  is  not  permitted  at  DA^ 
but  at  another  section  )  «  more  remote  from  B.  The  body 
being  prismatic,  all  the  vertical  sections  are  eqaal ;  and 
therefore  fd^d  is  the  same  as  before.  But  the  energy 
of  the  power  is  by  this  means  increased,  being  now 
==  P  X  B  ««  instead  of  P  x  B  A :  Hence  we  see  that  when 
the  prismatic  body  is  not  insuperably  sti^ng  in  all  its 
parts,  but  equally  strong  throughout,  it  must  break  close 
'at  the  wall,  where  the  strain  or  energy  of  the  power  i^ 
greatest*  We  see^  too,  that  a  power  which  is  just  able 
to  break  it  at  the  wall  is  unable  to  break  it  anywhere 
else;  also  an  absolute  cohesion  fd^  which  can  withstand 
the  power  p  in  the  section  DA,  will  not  withstand  it  in 
the  section  )  «»  and  will  withstand  more  in -the  section 

This  teacbek  us  to  distinguish  between  absolute  and 

relative  strength.     The  relative  strength  of  a  section  has 

a  reference  to  the  strain  actually  exerted  on  that  section. 

This  relative  strength  is  properly  measured  by  the  power 

which  is  just  able  to  balance  or  overcome  it,  when  ap» 

plied  at  its  proper  place.    Now  since  we  htiAfd^  d:=zpl^ 

.  fdid^  . 

we  have  p  =' — - —  for  the  measure  of  the  strength  of 

the  section  DA,  in  relation  to  the  poifer  lipplied  at  B. 

If  the  solid  is  a  rectangular  beam^  whose  breadth  is  A 
it  is  plain  that  all  the  vertical  sections  are  equal,  and  that 
AG  or  i  d  is  the  same  in  all.  Therefore  the  equatioh 
expressing  the  equilibrium  between  the  momentum  of  the 
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external  force  and  the  accttmiilated  moineiita  ^  cohetion 
will  he  pi  ^fd  6  X  i  4 

The  product  d  b  evidently  expresiiw  ibe  area  oC 
the  section  of  fracture,  which  we  u^y  call  «,  and  we 
may  expreaa  the  equilibrium  thus,  p  I  ^f%  ^  d,  and 
2l:d^f9:p. 

Vqw/s  in  a  proper  expresaion  of  the  absolute  cobeiioii 
of  the  section  of  fracture,  and  ji  is  a  proper  measure  of  U^ 
strength  iii  relation  to  a  power  applied  at  B.  We  may 
therefore  say,  that  iwiee  the  length  of  a  redongidar  beam  ie 
ia  the  depth  as  the  absdiUe  ooheeion  to4ht  relative  etrengtL 

Since  the  action  of  equable  cohesion  i^  similar  to  the 
action  of  isqual  gravity,  it  follows,  that  whatever  is  (hf 
figure  of  the  section,  the  relative  strength  will  be  the  aam# 
as  if  the  absolute  cobeaion  of  all  the  fibres  were  acting  a( 
the  centre  of  gravity  of  the  section.  Let  g  be  the  disw 
tance  between  the  centre  of  gravity  of  the  sectioii  and  the 
axis  of  fracture,  we  shall  have  ji  I  :=fs  g^wd  I :  g  =fa ;  p^ 
It  will  be  very  useful  to  recollect  this  analogy  in  words; 
^<  The  length  f>f  a  pritfiimtic  h^im  ofai^  shape  is  to  the  height 
of  the  omtre  of  gravi^  above  the  lower  side^  as  ttu  absolute 
xohesion  lb  the  strength  relative  to  this  len^h^ 

Because  the  relative  strength  of  a  rectangulalr  beam  i$ 

J. -1 —  or'-r-r-,  it  follows,  that  the  relative  strengths 

I  21  ^ 

of  diffierent  beams  are  proportional  to  the  abaolute  colio- 
aion  of  the  particles^  to  the  breadth,  and  to  the  square  of 
the  depth  direcdy;  and  to  ihe  length  inversely;  also  in 
prisms  whose  sections  are  similar^  the  strengths  are  as  the 
cubes  of  the  diameters. 

375.  Such  are  the  morfe  general  results  of  the  mecha- 
nism of  tlda  transverse  strain,  in  the  hypothesis  that  all 
the  particles  are  exerting  equal  forces  in  the  iastant  of 
Imcturls.  Wo  are  indebted  for  this  doctrine  to  the  cele- 
brated Galileo ;  and  it  was  one  of  the  first  specimens  of 
tbe  applicatioii^  of  mathematics  to  th^  sf  i«ipe  of  nature. 

VOL.  U  2  b 
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'  <We  Irave  not  included  in  the  preceding  investlgati<Mt. 
that  action  of  the  external  force  by  which  the  solid  is  drawn 
^'dewise,  or  tends  to  slide  along  the  surface  of  fracture. 
We  have  supposed  a  particle  E  (fig.  1.)  to  be  pulled  only 
in  the  direction  E  e,  perpendicular  to  the  section  of  frac* 
ture,  by  the  action  of  the  crooked  lever  BA£.  But  it  is 
Also  pulled  in  the  direction  EA ;  and  its  reaction  is  in 
ftome  direction  •  £,  compounded  of  i  y^  by  which  ^it  re* 
sists  being  pulled  outwards ;  and  •  e,  by  which  it  resists 
being  pulled  downwards.  We  are  but  imperfectly' ac- 
quainted with  the  force  ■  e,  and  only  know  that  their  ac- 
tumulated  sum  is  equal  to  the  force  p :  but  in  all  impor- 
tant cases  which  occur  in  practice,  it  is  unnecessary  to 
lattend  to  this  force;  because  it  is  so  small  ini  comparsion 
^f  the  forces  in  the  direction  E  f ,  as  we  easily  conclude 
from  the  usual  smallness  of  AD  in  comparison  of  AB. 
^  S76.  The  hypothesis  of  equal  cohesion,  exeded  by  all 
the  particles  in  tbe  instant  of  fracture,  is  not  conformable 
io  nature :  for  we  know,  that  when  a  force  is  applied 
transversely  at  B,  the  beam  is  bent  downwards,  becoming 
convex  on  the  upper  side;  that  side  is  therefore  on  the 
stretch.  The  particles  at  D  are  farther  removed  from 
^ach  other  than  those  at  £,  and  are  therefore  actualty  ex- 
.erting  greater  cohesive  forces.  We  cannot  say  with  cer- 
tainty and  precision  in  what  proportion  each  fibre  is  ex- 
tended. It  seems  most  probable  that  the  extensions  are 
proportional  to  the  distances  from  A.  We  shall  suppose 
this  to  be  really  the  case.  Now  recollect  the  general  law 
which  we  formerly  said  was  observed  in  all  moderate  ex* 
tensions,  viz.  that  the  attractive  forces  exorted  by  the 
'dilated  particles  were  proportional  to  their  dilatations. 
Suppose  now  that  the  beam  is  so  much  bent  that  the  par- 
ticles at  D  are  exerting  their  utmost  force^  and  that  this 
'fibre  is  just  ready  to  break  or  actually  breaks.  It  is  plain 
that  a  total 'fracture  must  immediately- ensue;  becauae 
the  force  whteh  was  superior  to  the  full  cohesion  of  the 
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jpsrticle  at  B^.and  a  certain  portion  of  the  cohesion  of  all 
the  rest,  will  be  more  than  superior  to  the  full  cohesioni 
df  the  particle  next  within  D,  and  a  snudler  portion  of 
the  cohesion  of  the  remainder. 

Now  let  ¥  represent,  as  before,  the  full  force  of  the  ex« 
terior  fibre  D^  which  is  exerted  by  it  in  the  instant  of  its 
breaking,  and  then  the  force  exerted  at  the  same  instant 
by  the  fibre  E  will  be  had  by  this  analogy  AD  :  AE,  oi^ 

d  :  X  ^  f '  -Ti  arid  the  force  really  exerted  by  Ihe  fibre 

The  force  cfxerted  by  a  fibre  whose  thickness  is  x  Ak 

therefore  *^-j- ;  but  this  force  resists  the  strain  by  acting 
by  means  of  the  lever  EA  or  x.    Its  energy  or  momen- 

<um  is  therefor6^^-~p-,  and  the  accumulated  momenta 

a  ) 

• 

of  all  the  fibi'es  in  ttie  line  AE  will  be  fx  sum  of  -— r~« 

This,  when  x  is  taken  ^qual  to  J,  will  express  the  md>> 
mentuni  of  the  whole  fibres  in  the  line  ^D.     This,  there* 

fore,  is/ ~7-»  or/  J  d*,  orfdx  f  d.    Now/d  expresses 

the  absolute  cohesion  of  the  wholfe  line  AD/    The  accii* 

mulated  momentum  is  therefore  the  same  as  if  the  absou 

lute  cohesion  of  the  whole  line  were  exerted  at  ^d  of  AD 

Jrom  A. 

'    377.  From  these  premises  it  follows  thai  the  eqcTation 

•expressing  the  equilibrium  of  the  stfain  and  cohesion  is 

p  I  r=fdx  i  d;  and  hence  we  deduce  the  an^ogy,  <*  Js 

^thrite  the. length  is  to  the  depth^  so  is  the  (Asobite  cohesion  tat 

ihe  relative  strength^* 

*    This  equations  and  thjs  prc^ortion  will  equally  ^PV^T  ^^ 


>  • 
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vccfaagular  beams  whose  breadth  isb;  finr  we  shaH  then 

,  We  alao  s^e  that  the  relative  strength  is  proportional 
to  the  absolute  cohesion  of  the  particles,  to  the  breadth, 
and  to  the  square  of  the  depth  directlj,  and  to  the  length 
invenelj :  Cor  p  is  the  measure  of  the  force  with  which 

it  u  resisted,  and  p  ^- — j=— ,  :=•'-—-.     In  this  respect, 

therefore,  this  hypothesis  agrees  with  the  Galilean ;  but 
it  assigns  to  every  beam  a  smaller  proportion  of  the  ab- 
solute cohesion  of  the  section  of  fracture,  in  the  propor* 
lion  of  3  to  2.  In  the  Galilean  hypothesis  this  section 
hair  a  momentum  equal  to  ^  of  its  absolute  strength,  but 
in  the  oth^  hypothesu  it  is  only  ^d.  In  'beams  of  a  dif- 
liorent  form  the  proportion  may  be  different. 

As  this  is  a  most  important  proposition,  and  the  foun* 
dation  of  many  practical  maxims,  we  are  an:dous  to  have 
it  clearly  conprehdnded,  and  its  evidence  perceived  by  alk 
Our  better  informed  readers  will  therefore  indulge  us 
whik  we  endeavour,  to  present  it  in  another  point  of  view, 
Ivhere  it  mtiII  be  better  seen  by  those  who  are  not  farni* 
Jiady  acquainted  with  the  fluxionary  calculus. 

3t8.  Fig.  2.  of  Plate  V.  is  a  perspective  view  of  a  three 
sided  beanf,  projecting  horizontally  from  a  wall,  tod 
loaded  with  a  weight  at  fi  just  sufficient  to  break  it* 
DABC  is  a  vertical  plane  through  its  highest  point  T^ 
ia  the  direction  of  its  length*  a  Da  is  another  vertical 
96^00  perpendicular  to  AB.  The  piece  being  supposed 
of  insuperable  strength  everywhere,  except  in  the  secttoft 
«Da,  and  the  oohesion  beii^g  also  supposed  insuperable 
along  the  line  ^  A  a,  it  ean  break  nowhere  but  in  this  see- 
lio»,  and  by  turning  round  a  A  a  as  round  a  hinge.  Make 
J>^  d  equjil  to  AD,  and  let  D  d  represent  the  absohite  co^ 
hesion  of  the  fibre  at  D,  which  absolute  cohesion  we  ex- 
pressed  by  the  symbol/.  Let  a  plape  a  da  be  made  to 
pass  through  a  a  and  dp  and  let  d  a'  a'  be  aootb^  cross  seo* 
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tion.  It  is  plain  that  the  pramattc  solid  4iontaioed  be*'', 
tween  the  two  sections  a  Da  and  a!  d(i  will  represettt  the 
full  cohesion  of  the  whole  section  of  fracture ;  for  we  nuij' 
conceive  this  prism  as  made  up  of  line»  such  as  F^  equal 
and  parallel  to  D  d  representing  the  absolute  cohesion  of 
each  particle  such  as  J?.  The  pyramidal  solid  d  Da  a,  cut 
off  by  the  plane  iaaj  will  represent  the  cohesions  attuaUy 
txttitd-  bj  the  different  fibres  in  the  instant  of  fractuf e* 
For  take  anj  point  £  in  the  surface  of  fracture^  and  draw 
E  e  parallel  to  AB,  meeting  th6  plane  a  da  in  e,  and  left 
e  AE  be  a  vertical  plane.  It  is  evident  that  D  4  is  to  E  e 
as  AD  to  AE ;  and  therefore  (since  the  forces  exerted  by 
the  different  fibres  are  as  their  extension,  and  thdlr  exten- 
sion as  their  distances  from  the  axis  of  fracture)  £  e  will 
represent  the  force  actually  exerted  by  the  fibre  in  £ 
while  D  is  exerting  its  full  force  D  d.  In  like  mannery 
the  plane  F  F^y*  expresses  the  cohesion  exerted  by  all  the 
fibres  in  the  line  F  F,  and  so  on  through  the  whole  sur* 
face.  Therefore  the  pyramid daa'D eiq^iresses  the  accii^ 
mulated  exertion  of  the  whole  surface  of  fracture. 

Farther,  suppose  the  beam  to  be  Jield  perpendicular  to 
the  horieon,  with  the  end  B  uppemiost^  and  that  the 
weight  of  the  prism  contained  between  the  two  sectiona 
oDa  an  J  a^da'  (now  hdrieontal)  is  just  dlile  to  ovei^- 
come  the  full  cdiesion  of  the  section  of  fracture.  ThB 
weight  of  the  pyramid  dHaa  will  also  be  just  able  to 
overcome  the  cohesions  actually  excrled  by  the  different 
fibres  in  the  instant  of  fracture,  because  the  weight  of 
each  fibre,  such  as  £  ^,  ir  just  superior  to  the  cohesion  ae« 
tually  exerted  at  E, 

Let  0  be  the  centre  of  gravity  aC  the  pyramidal  sbKd, 
and  draw  oO  perpendicular  to  the  plane  a  Da.  The 
whole  weight  of  the  solid  d  Da  a  may  be  conceived  as  ac- 
cumulated in  the  point  o,  and  as  acting  on  the  point  O, 
and  it  will  have  the  same  tendency  to  sq)arate  the  two 
cohering  surfaces  as  when  each  fibre  is  hanging  by  its  re* 
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qpective  pomt  For  this  reason  the  point  O  may  hi  called; 
Ae  centre  ofactucd  effort  of  the  unequal  forces  of  cohesion. 
The  momentum,  therefore,  or  energy  by  which  the  coher- 
ing surfaces  are  separated,  will  be  properly  measured  by 
the  weight  of  the  solid  dDaa  multiplied  by  0A>  and 
this  product  is  equal  to  the  product  of  the  weight  p  miilti* 
plied  by  BA,  or  by  /.  Thus,  suppose  that  the  cohesion 
along  the  line  AD  only  u  considered.  The  whole  cohe-i 
sion  will  be  represented  by  a  triangle  A  D  d  Dd  repre<» 
aentsj^  and  AD  is  d^  and  Adisx.  Therefore  ADd  is  i 
fd.  The  centre  of  gravity  o  of  the  triangle  A  D  <f  is  ii| 
the  intersection  of  a  line  drawn  from  A  to  the  middle  of 
D  d  with  a  line  drawn  from  d  to  the  middle  of  AD  ;  and 
therefore  the  line  o  O  will  make  AO  =  §  of  A  d.  There- 
fore the  actual  momentum  of  cohesion  isfxidx^df^r 
fxdx  I  d  =^fd  X  I  dy  or  equal  to  the  absolute  cohesion 

ja^ting  by  means  of  the  lever  — .     If  the  section  of  frac- 

4ure  is  a  rectangle,  as  in  a  commqn  joist,  whose  breadth 
aa  is  =  £,  it  is  plain  that  all  the  vertical  lines  will  bf 
equal  to  AD,  and  their  cohesions  will  be  I'epresented  by 
triangles  like  ADd;  and  the  whole  actual  cohesion  wi^ 
be  represented  by  a  wedge  whose  bases  are  vertical  planes, 
and  which  is  equal  to  half  of  the  parallelopiped  AD  x  D  4 
xaa,  and  will  therefore  b^  =  ^/id;  and  the  distanqe 
AO  of  its  centre  of  gravity  from  the  horizontal  line  AA 
will  be  I  of  AD.  The  momentum  of  cohesion  of  a  joist 
will  therefore  heiftdx^d,  or /id  J  if,  as  we  have  de- 
termined in  the  other  way. 

The  beam  represented  in  the  figure  is  a  triangular 
,  |>rism.  The  pyramid  D  a  a  cl  is  |  of  the  prism  a  <z  D  d  a'a\ 
If  we  make  $  represent  the  surface  of  the  triangle  a  D  a, 
the  pyramid  is  ^  offs.  The  distance  AO  of  its  centre  |>f 
gravity  from  the  horizontal  line  AA'  is  ^  of  AD,  or  i  4. 
Therefore  the  momentum  of  actual  cohesion  is  Ifsxid^  == 
fs  I  d;  that  is>  it  is  the  safn^  as  if  the  full  cohesion  of  ^ 


the  fibres  were  accumulated  at  a  point  I  whod^  dtstanee! 
from  A  is  I  of  AD  or  cf ;  or  (that  we  may  see  its  ralue  iii 
every  point  of  view)  it  is  |  of  the  momentum  of  the  ful) 
cohesion  of  all  the  fibres  when  accumulated  at  the  poin^ 
D,  or  acting  at  the  distance  c2=:  AD.  t 

This  is  a  very  convenient  way  of  conceiving  the  mo^ 
mentum  of  actual  cohesion,  by  comparing  it  with  the  mo^ 
mentum  of  absolute  cohesion  applied  at  the  distance  AI) 
from  the  axis  of  fracture.  The  momentum  of  the  absolute 
cohesion  applied  at  D  is  to  the  momentum  of  actual  cohcr 
sion  in  the  instant  of  fracture  as  AD  to  AI.  Therefore 
the  length  of  AI,  or  its  proportion  to  AD,  is  a  sort  of  ipr 
dex  of  the  strength  of  the  beam.  We  shaU  call  it  the 
Index,  and  express  it  by  the  symbol  u 

Its  value  is  easily  obtained.  The  product  of  the  absolute 
cohesion  by  A I  must  be  equal  to  that  of  the  actual  cor 
hesion  by  AQ.  Therefore  say,  ^^  as  the  prismatic  soli^ 
a  a  D  da!  of  is  to  the  pyramidal  solid  aaDdy  so  is  AO  to 
AI.*^  We  are  assisted  in  this  determination  by  a  very 
convenient  circumstance.  In  this  hypothesis  of  the  ac* 
tual  cohesions  being  as  the  distances  of  the  fibres  from.  ^» 
the  point  0  is  the  centre  of  oscillation  or  percussion  of 
.the  surface  Daa  turning  round  the  axis  aa;  for  the  mo- 
mentum of  cohesion  of  the  line  FF  is  FF  x  F/x  EA  = 
FF  X  EA«,  because  F/is  equal  to  EA.  Now  AO,  by 
the  nature  of  the  centre  of  gravity,  is  equal  to  the  sum  of 
all  these  momenta  divided  by  the  pyramid  aaDd;  tbi^ 
is^  by  the  sum  of  all  the  FF  x  Ff;  that  is,  by  the  sum  qf 

11.1     -nn     -r^^      mi       r       *  av       sumofFFxEA* 

all  the  FF  x  EA.    Therefore  AO  = -^^ — ^rr-'f 

sum  oi.  1 1  X  iiiA  ^ 

which  is  just  the  value  of  the  distance  of  the  centre  <)f 
percussion  of  the  triangle,  a  aD  fron^  A.  Moreover,  if 
G  be  the  centre  of  gravity  of  the  triangle  a  D  a,  we  shall 
.  have  DA  to  G A  as  the  absolute  cohesioi]^  to  the  sum  of 
the  cohesions  actually  exerted  in  the  instant  of  fracture ; 
for,  bj  the  nature  of  this  centre  of  gravity,  AG  is  eaual^o 


4S4  fiTkENGTH  OP  AC ATKRIALS; 

■?«« — >  ^"  "*®  •^i™  ^*^  ^'  X  ^^  "  equal  to 

Slim  oi  Jrr 

the  sum 'of  FF  x  EA.  But  the  sum  of  all  the  linei  FF  is 
the  triafigle  a  D  a,  and  tbe  sum  of  all  the*  FF  x  EA  i^ 
the  sum  of  all  the  rectangles  FF//;  that  is,  the  pyra- 
mid dDaa.  Therefore  a  prism  whose  base  is  the  tri- 
angle a  D  o,  and  whose  height  is  AG,  is  equal  to  the  pj- 
ramid^  or  will  express  the  sum  of  the  actual  cohesions ; 
and  a  prism,  whose  base  is  the  same  triangle,  and  whoso 
height  is  D  <f  or  D  09  expresses  the  absolute  cohesion. 
Therefore  DA  is  to  6  A  as  the  absolute  cohesion  to  the 
aum  of  the  actual  cohesions. 

Consequently  we  hare  DA :  GA  =  OA  :.1A. 

Therefore,  whatever  be  the  form  of  the  beam,  that  is^ 
whatever  be  the  figure  of  its  section,  find  the  centre  of 
Dscillation  O,  and  the  centre  of  gravity  G  of  this  section: 
Call  their  distances  from  the  a^is  of  fracture  o  and  g.   Then 

AI  or  I  zz  — ^,  and  the  momentum  of  cohesion  is/s  x 

a  ...  -^     - 

-•-T-»  where  «  is  the  area  of  fracture. 
d  ... 

This  index  is  easily  determined  in  all  the  cases  which 
generally  occur  in  practice.  In  a  rectangular  beam  AI  is 
J  if  of  AD ;  in  a  cylinder  (circ^ilar  or  elliptic)  AI  is  /^ths 
of  AD,  &c. 

In  this  hypothesis,  that  the  cohesion  actuallj  exerted  by 
each  fibre  is  as  its  extension,  and  that  the  extensions  of 
the  fibres  are  as  their  distances  from  A  (Plate  V.  fig.  1.), 
it  is  plain  that  the  forces  exerted  by  the  fibres  D,  £, 
&c.  will  be  represented  by  the  ordinates  D  d,  E  e ,  &c.  to  a 
straight  line  A  i.  And  we  learn  from  the  principles  of 
BoTATiON  that  the  centre  of  percussion  O  is  in  the  ordi- 
nate which  passes  through  the  centre  of  gravity  of  the  tri- 
angle AD  d,  or  (if  we  consider  the  whole  section  having 
breadth  as  well  as  depth)  through  the  centre  of  gravity  of 
the  solid  bounded  by  the  planes  DA,  i  A ;  and  we  foutfd 
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that  this  point  O  was  the  centre  of  effort  of  thq  cohesions  . 
actually  exerted  in  the  instant  of  fracture,  and  that  I  waa' 
the  centre  of  ati  equal  momentum,  which  would  be  pro« 
duced  if  all  the  fibres  were  accumulated  there  and  exerted 
their /icff  cohesion. 

This  consideration  enables  us  to  determine,  with  equal 
facility'  and  neatness,  the  strength  of  a  beam  in  anj  hypo- 
thesis of  forces.  The  above  hypothesis  was  introduced 
with  a  cautioua  limitation  to  moderate  strains,  which 
prodoced  no  permanent  change  of  form,  or  no  sett  as  the 
artists  call  it :  and  this  suffices  for  all  purposes  of  practice^ 
seeing  that  it  would  be  imprudent  to,  expose  materials  tq 
more  violent  strains.  But  when  we  compare  this  theorj 
with  eltperiments  in  which  the  pieces  are  reallj  broken, 
tonsiderable  deviations  may  be  expected,  because  it  is  very 
probable  that  in  the  vicinity  of  rupfture  the  Forces  are  nd 
longer  proportional  to  the  extensions. 

379.  That  no  donbt  maj  remain  as  to  the  justness  and 
completeness  of  the  theorj,  we  must  shew  how  the  felii*^ 
tive  strength  may  be  determine  in  any  other  hypothesis. 
Therefore  suppose  that  it  has  been  established  bj  experi- 
ment  on  any  kind  of  solid  matter,  that  the  forces  actuallj 
exerted  in  the  instant  of  fracture  by  the  fibres  at  D,  £, 
tcr.  are  as  the  ordinates  D.  d',  E  e\  &c.  of  any  curve  line 
A  e'  d\  We  are  supposed  to  know  the  form  of  this  curve, 
and  that  of  the  solid  which  Is  bounded  by  the  veriicfld 
plane  thjrough  AD,  and  by  the  surface  which  passes 
through  this  curve  A  «'  <f  perpendicularly  to  the  length  of 
the  beam.  We  know  the  place  of  the  centre  of  gravity 
of  this  curve  surface  or  solid,  and  can  draw  a  line  through 
it  parallel  to  AB,  and  <Hitting  the  surface  of  fractinre  &i 
some  point  O.  This  point  »  also  the  centre  of  effort  of 
all  the  cohesions  actually  exerted ;  and  the  product  of  AO, 
and  of  the  solid  which  expresses  the  actual  cohesions^  will 
give  the  momentum  of  cohesion  equivalent  to  the  former 
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Or  we  may  find  an  index  AI,  by  making  AI 


a  fourth  proportional  to  the  full  cohesion  of  the  3urface 
of  fracture,  to  the  accumulated  actual  cohesions,  and  to 
AO ;  and  then  fsxi  (=  AI)  will  be  the  momentuni 
of  cohesion ;  and  we  shall  still  have  I  for  the  point  in 
which  all  the  fibres  may  be  supposed  to  exert  their  full 
cohesion  y^  and  to  produce  a  momentum  of  cohesion  equal 
to  the  real  momentum  of  the  cohesions  actually  exerted^ 

and  the  relative  strength  of  the  beam  will  still  hep^  ^~-<* 

"Fsffo 
or  •^--^.  Thus,  if  the  forces  be  as  the  squares  of  the  extent 

sions  (still  supposed  to  be  as  the  distances  from  A),  thf 

curve  A  c'  a'  will  be  the  common  parabola,  having  A  B  for  it^ 

^is  and  AD  for  the  tangent  at  its  vertex.     The  area 

AD  d!  will  be  Jd  AD  x  D  d ;  and  in  the  case  of  a  rectan- 

ji;ular  beam^  AO  will  be  |ths  AD^  and  AI  will  be  ^th  of 

-AD. 

We  may  observe  here  in  general,  that  if  the  forces  ac« 

tually  exerted  in  the  instant  of  fracture  be  as  any  power  q 

AD 
of  the  distance  froha  A,  the  index  A I  will  be  r= -^ 

tot  a  rectangular  beam,  and  the  momentum  of  cohesion 
will  always  be  (cdBteris  paribus)  as  the  breadth  and  as  the 
square  of  the  depth;  nay,  Uiis  will  be  the  case  whenever 
the  action  of  the  fibres  D  and  E  is  expressed  by  any  stmt* 
iar  functions  of  d  and  x.  This  is  evident  to  every  reader 
acquainted  with  the  fiuxionary  calculus. 

As  far  as  we  can  judge  from  experience,  no  simple  aW 
gebraic  power  of  the  distance  will  express  the  actual 
cohesions  of  the  fibres^  No  curve  which  has  either  AD 
or  AB  for  its  tangent  will  suit.  The  observations  which 
we  made  in  the  beginning  show,  that  although  the  curve  of 
J^l  III.  fig.  1.  must  be  sensibly  straight  in  the  vicbity  of  th,e 
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pMits  of  int^r$ection  with  the  axis,  io  order  ttf  agre^  with 
9ur  observations  whidi  show  the  moderate  extensions  to* 
be'  as  the  extending  forces^  the  curve  must  be  concave  to-^. 
wards  the  axis  in  all  its  attractive  branches,  because  it 
cuts  it  again.  Therefore, the  curve  A.e  d!  oi  Plate  V.  fig.  1^ 
must  make  a  finite  angle  -with  AD  or  AB^  and  it  must,  in 
all  probability*  be  also  concave  towards  AD  in  the  neigh* 
bourhood  of  dl.     It  may  however  be  convex  in  some  part 
of  the  intermediate  arch.     We  have  made  experiments 
on  the  extensions  t>f  different  bodies,  and  find  great  di* 
yersities  in  this  respect :     But  in  all,  the  moderate  ex^ 
tensions  were  as  the  forces,  and  this  with  great  accuracji 
till  the  body  took  a  sett,  and  remained  longer  than  form- 
erly when  the  extending  force  was  repioved.  » 
;    We  must  now  remark,  that  this  correction  of  the  Gali^ 
Jean  hypothesb  of  equal   forces   was  suggested  by  the 
Jbiending  which  is  observed  in  all  bodies  which  are  strains 
.ed  transversely.    Because  they  are  bent,  the  fibres  on  the 
.convex  side  have  been   extended.     We  cannot  say  in 
what  proportion  this  obtains  in  the  different  fibres.    Our 
most  distinct  nptions  of  the  internal  equilibrium  between 
the  particles  render  it  highly  probable  that  their  extei^ 
aion   is  proportional  to  their  distance  from   that  fibre 
which  retains  its  former  dimensions.     But  by  whatever 
law  this  is  regulated,  we  see   plainly  that  the  actions  of 
the  stretched  fibres  must  follow  the  proportions  of  soo^ 
function  of  this  distance,  and  that  therefore  the  relative 
,  strength  of  a  beam  is  in  all  cases  susceptible  of  mathema- 
.  tical  deterinination. 

380.  We  iilso  see  an  intimate  connection  between  the 

strain  and  the  curvature.  This  suggested  to  tj^e  celebr&t- 
r  ed  Janties  Bernoulli  the  problem  of  the  Ei^astic  Curvb, 
\  i.  e.  the  curve  into  i^hich  an  extensible  rigid  body  will  be 
*^  bent  by  a  transverse  strain.  His  solution  in  the  Acta 
iffApqt^lQM  and  1695  is  a  very  beautiful  specimen  pfip^. 

thematical  discussion  ;    and  we  recommend  it  to  the 
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perusal  of  the  curious  reader.  He  will  find  it  vittf  per*' 
spicnouAy  treated  in  the  first  Tolume  of  his  works, 
published  after  his  death,  where  the  wide  steps  which  he 
had  taken  in  his  investigation  are  explained  so  as  to  be 
easily  comprehended.  His  nephew  Dan.  BemouUi  has 
jliiven  an  elegant  abridgment  in  the  Petersburgfa  Memoirs 
tat  1729.  The  problem  is  too  intricate  to  be  fully  dis- 
cussed in  a  work  like  this  ;  but  it  is  also  too  intimately 
connected  with  our  present  subject  to  be  entirely  omitted. 
We  must  c6ntent  ourselves  with  showing  the  leading 
mechanical  property  of  this  curve,  from  which  the  mathe- 
matician may  deduce  all  its  geomeUical  propeirties. 

381.  When  a  bar  of  uniform  depth  and  breadth,  and 
of  a  given  length,  is  bent  into  an  an;h  of  a  circle,  the  ex^ 
tension  of  the  outer  fibres  is  proportional  to  the  curvature; 
for,  because  the  curves  formed  by  the  inner  and  outer 
aides  of  the  beam  are  similar,  the  cj/^cumferences  are  ai 
the  radii,  and  the  radius  of  the  inner  circle  is  to  the  difi* 
fcrence  of  the  radii^  as  the  length  of  the  inner  circumfei^ 
ence  is  to  the  dtfTerence  of  the  circumferences.  The  dif- 
ference  of  the  radii  is  the  depth  of  the  beam,  the  differ- 
ence of  the  circumferences  is  the  extension  of  the  outer 
fibres,  and  the  inner  circumference  is  supposed  to  be  the 
primitive  lengA  of  the  beam.  Now  the  second  and  third 
quantities  of  the  above  analogy,  viz.  the  depth  and  length 
1»f  the  beam,  are  constant  quantities,  aa  isndso  their  pro- 
duct. Therefore  the  product  of  the  inner  radius  and  the 
extension  of  the  outer  fibre  is  also  a  constant  quantity, 
and  the  whole  extension  of  the  outer  fibre  is  iaversdy  as 
the  radius  of  curvature,  or  is  directly  as  the  curvature  of 
the  beam. 

The  mathematical  reader  will  readily  see,  that  into 
whatever  curve  the  elastic  bar  is  bent,  the  whole  exten- 
fioo  of  the  outer  fila-e  is  equal  to  the  length  of  a  similar 
curve,  having  the  same  proportion  to  the  thickness  of  tho 
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tnin  that  tbc  l«ogih  of  the  beam  has  to  the  radius  of 
canraturew 

Now  let  ADCB  (PL  V.fig.a)  be  such  a  rod,  of  uniforin 
breadth  and  thickness,  firmly  fixed  in  a  Teriical  position, 
and  bent  into  a  curve  AEFB  by  a  weight  W  suspended 
at  B,  and  of  such  a  magnitude  that  the  extremity  B  has  its 
tangent  perpendicular  to  the  actioii  of  the  weight,  or 
parallel  to  the  horizon.    Suppose  too  that  the  extensions 
are  proportional  to  the  extending  forces*    From  any  two 
points  E  and  F  draw  the  homontal  ordinates  EG,  FH. 
It  is  evident  that  the  exterior  fibres  of  the  sections  £  e 
and  Vfnre  stretched  by  forces  which  are  in  the  propor- 
tion of  EG  to  FH  (these  being  the  long  arms  of  the 
levers,  and  the  equal  thickaesses  E  e,  P  /  being  the  short 
arms).    Therefore  (by  the  hypothesis)  their  extensions 
are  in  die  same  proportion.    But  because  the  extensions 
are  proportional  to  some  similar  functions  of  the  distance  , 
from  the  axes  of  fracture  £  and  F^  the  extension  of  any 
Hbre  in  the  section  E  e  is  to  the  contemporaneous  exten* 
sion  of  the  similarly  situated  fibre  in  the  section  F  j^  as 
the  extension  of  the  exterior  fibre  in  the  section  E  e  is  to 
the  extension  of  the  exterior  fibre  in  the  section  F /: 
therefose  the  i^hole  extension  of  E  e  is  to  the  whole  ex- 
tension of  F/  as  EG  to  FH,  and  EG  is  to  FH  as  the 
Curvature  in  E  to  the  curvature  in  F. 

Here  let  it  be  remarked,  that  this  proportionality  of 
the  curvature  to  the  extension  of  the  fibres  is  not  limited 
to  the  hypothesis  of  the  proportionality  df  the  extensions 
to  the  extending  forces*  It  follows  from  the  extension  in 
the.  different  sections  being  as  some  similar  fimctioh  of  the 
distance  from  the  axis  of  fracture ;  an  assumption  which 
tantkot  be  refused. 

This  then  is  the  ftindamental  property  of  the  elastic 
ettrve,*from  which  its  equation,  or  relation  between  thef 
abscissa  and  ordinate,  may  be  deduced  in  the  usual  forms^ 
and  all  its-  other  geometrical  properties.    These  are  fo^ 


*  . 
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ireign  Co  our'puq>o8e ;  and  we  shall  •  notice  onlj  Budi  pro4 
perties  as  have  an  immediate  relation  to  the  strain  and 
strength  of  the  different  .parts. of  a  fleiuUe,  bodj,.  and 
which  in  particular  serve  to  explain  some  diffienlties  ill 
the  valuable  experiments  of  Mr  Boffon  on  the  Strength  of 
Beams. 

.  382.  We  observe,  in  the  first  place,  that  the  elastic 
curve  cannot  be  a  drcle,  but  is  gradually  more  incurvated 
as  it  recedes  from  the  point  of  applicatimi  B  of  the  strain? 
jng  forces.  At  B  it  has  no  curvature ;  and  if  the  bar 
were  extended  beyond  B  there  would  be  no  curvature 
there.  In  like  manner,  when  a  beam  is  suppcurted  at  the 
ends  and  loaded  in  the  middle,  the  curvature  is  greatesj; 
in  the  middle ;  but  at  the  props,  or  beyond  them,  if  th^ 
beam  extend  farther,  there  is  no  curvature.  Therdfor^ 
when  a  beam  projecting  20  feet  from  a  wail  is  bent  to  f 
certain  curvature  at  the  wall  by  a  weight  suspeiided  ^ 
the  end,  and  a  beam  of  the  same  siae  projecting  20  fe€^ 
is  bent  to  the  very  saiAe  curvature  at  the  wall  by  a  greats 
weight  at  10  feet  distance,  the  figure  and  the  mechanical 
^tate  of  the  beam  in  the  vicinity  of  the  wall  b  different  in 
these  two  cases,  though  the  curvature  at  the  very  wall  is 
the  same  in  both.  In  the  first  case  every  part  of  the 
beam  is  incurvated ;  in  the  second,  all  beyond  the  10  ket 
is  without  curvature.  In  the  first  experiment  the.curvn- 
"-lui^  at  the  distance  of  five  feet  from  the  wall  is  fths  of 
the  curvature  at  the  wall ;  in  the  second,  the  curvature 
at  the  same  place  is  but  ^  of  that  at  the  wall.  This  must 
weaken  the  long  beam  in  this  whole  interval  of  five  feet, 
.because  the  greater  curvature  is  the  result  of  a  greater 
extension  of  the  fibres. 

383.  In  the  next  place,  we  may  remark,  that  there  isyi 
^certain*  determinate  curvature  for  every  beam  which  can- 
. not  be  exceeded  without  breaking  it;  for  there  is  » cer- 
tain separation,  of  two  adjoining  particles  that  puts  an  en^ 
tp  their  eohesion.     A  fibre  can  therefore  b^ ,  exteodfid 
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OX1I7  a  certaiii  proportion  of  Us  length.  The  tdtimate 
extension  of  the  outer  fibres  must  bear  a  certain  deter- 
minate proportion  to  its  length,  and  this  proportion  is  the 
same  with  that  of  the  thickness  (or  what  we  have  hither- 
to called  the  depth)  to  the  radius  of  ultimate  curvature^ 
which  is  therefore  determinate.  ' , 

384.  A  beam  of  uniform  breadth  and  depth  is  there- 
fore most  ineurvated  where  the  strain  is  greatest,  and  will 
break  in  the  most  inounrated  part  But  bj  changing  ita 
form,  so  as  to  make  the  strength  of  its  different  sections 
in  the  ratio  of  the  strain,  it  is  evident  that  the  curvature 
may  be  the  same  throughout,  or  maj  be  made  to^rarj- 
according  to  any  law.  This  is  a  remark  worthy  of  the 
attention  of  the  watchmaker.  The  most  delicate  pro- 
blem in  practical  mechanics  is  90  to  taper  the  balance* 
8f»ing  of  a  watch  that  its  wide  and  narrow  vibrations 
may  be  isochronous.  Hookers  principle  tU  tensia  nc  via  is 
iiot  sufficient  when  we  take  the  imrtia  and  motion  of  the 
spring  itself  into  the  account.  The  figure  into  which  it 
i>end9  and  unbends  has  also  an  influence.  Our  readers 
will  take  notice  that  the  artist  aims  at  an  accuracy  which 
will  not  admit  an  error  of  ^vliro^I^t  ai^^  ^^^  Harrison 
and  Arnold  have  actually  attained  it  in  several  instances. 
The  taper  of  a  spring  is  at  present  a  nostrum  in  the 
hands  of  ^acb  artist,  and  he  is  careful  not  to  impart  bis 
secret. 

Again  j  since  the  depth  of  the  beam  is  thus  proportional 
to  the  radius  of  ultimate  curvature,  this  ultimate  or  break- 
ing curvature  is  inversely  as  the  depth.  It  may  be  ex- 
pressed by  -r-. 

a  . 

385.  When  a  weight  is  hung  on  the  end  of  a  pristqatic 

.'beam,  the  curvature  is  nearly  as  the  weight  and  the  length 

directly,  and  as  the  breadth  and  the  cube  of  the  depth  ii|- 

b  d^ 
Tersely ;  for  the  strength  is  =  /  -^-y-.     Let  us  suppose 
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that  this  produces  tfaye  ultimate  curvature* -^.  Kaw  lei 
Ike  beam  be  loaded  with  a  tmaUer  weight  i^,  and  let  tha 

curvature  produced  be  C,  we  tave  this  analogy /-^rj  :  «*| 

=  -—  :  C,  and  C  =  -;t^,»    It  is  evident  that  this  is  also 
d  fbd^ 

tnne  of  a  beam  supported  at  the  ends  and  loaded  between 
the  propa ;  and  we  see  bow  to  determiiie  the  curvature  in 
ks  difftrint  parts,  whether  ariaing  Ccom  the  load,  oir  froni 
ks  own  weight,  or  from  both. 

366L  When  a  beam  is  tbua  loaded  at  the  end  or  mid^ 
dDt,  Ihe  loaded  point  is  pulled  down,  and  the  space 
through  which  it  is  diuwn  may  be  called  the  befi«bctiok5 
This  may  be  considered  as  the  siib-tente  of  the  angle  of 
OMtaot^  or  as  the  versed  sine  of  the  arch  into  which  the 
beam  ia^  bent,  and  is  therefore  as  the  curvature  when  the 
length  of  the  ard^ea  is  given  (the  flexure  being  moklerate)^ 
.  nnd  as  the  square  of  the  length  of  the  arch  when  the  cur- 
vature is  given.  The  deflection  therefore  Is  as  the  curvar 
tore  and  as  the  aquaro  of  the  length  of  the  arch  jointly ; 

that  is,  as  - .   .,  x  /•,  or  as    ^,  ,   ■    The  deflection  from 
JO  o*  JO  a' 

the  primitive  shape  is  therefore  as  the  bending  weight 
and  the  cube  of  the  length  directly,  and  as  the  breadth 
and  cube  of  the  depth  inversely. 

S87.  In  beams  just  ready  to  break,  the  curvature  is  as 
Ihe  depth  inversely,  and  the  deflection  is  as  the  square  «tf 
ihe  length  divided  by  the  depth ;  for  the  ultimate  ourva* 
tare  at  the  breakihg  part  is  the  Same  whatever  is  the 
length;  and  in  this  ease  the  deflection  is  as  the  square  of 
the  length. 

We  have  been  the  more  particular  in  our  consideratioii 

of  this  sul^ect,  because  the  resulting  theorems  atford  os 

^the  finest  methods  of  examining  the  laws  of  corpuscular 

action^  that  is^  for  discovering  the  variation  of  the  force 
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«f  colNssioii  by  a  ebafige  of  di^rtaift^.  It  h  ttvie  It  1*  n<$t 
the  atoinical  latK^,  or  Htt^iffiGHtc  Pufi^ci^LK,  as  it  itk$if 
jjaedlf  be  (all^^,  wbkb  is  tkiis  ntade  ac<MrfMe,  but  tlie 
specific  law  of  tbe  ipirticles  of  the  subrtiiAc^  or  kind  of 
H^nttcfr  under  etHnifnaliori.  But  ^f^h  thh  k  a  very  gfreat 
point ;  and  coincidences  in  this  respect  affMrig  th^  diffe- 
rent kind^  of  DMtter  are  of  great  mofnledt.  W^  rMj  thus 
lealrn  the  iMure  tff  the  torpttseular  de^idH  of  difi^viM 
«ubstaaee»^  and  i^baps  a]»prMcli  4o  »  diMot^  <yf  tM 
iietfAajtflam  of'  ^edrica)  affinities.  For  ttiAt  cheAiittal^  rid^ 
tions  aire  insensible  dases  of  local  motion  is  nAdeniabk^ 
iand  local  motion  is  Ihe  protitoee  of  meel^anieal  dtsctMsidn ; 
ivay,  wi?  see  Ifa^  these  hidden  changes  afire  produced  hf 
tnecbanicai)  f(Stces  in  many  Important  cases,-  for  We  se6 
ibem  pr^mdted  or  pr#reiMed  by  meaiis  purely  #!f^anicti>. 
The  eonterston  of  bodietf .  ttito  elastic  y&pm»  by  h«at  caff 
tt  put  timeS'  be  prevented  by  a  ^i^fitient^  ^itternal*  pr^ssure^ 
A  fljtfMg  soItiCion  of  Glsttber'fl  salt  #iii^  cMgM  ia  att  i A-* 
staM  by  agitatibn,  gvring  oaf  ila  httent  h^t ;  and  it  will 
remain*  flaidf  f<^  ever,  am)  retnni  its  latent  heat  in  a  dose 
vessel  Which  it  com{detely  fills^  Even  water  will  1^  such 
treatment  freeze  in  ah  instant  by  agitation,  or  remaiii 
fluid  for  ever  by  confinement.  We  know  that  heat  id 
produced  or  extricated  by  friction,  that  eertain  com^ 
pounds  of  gold  or  silver  with  saline  matters  eskiplode  with 
hrresistible  violence  by  the  smallest  jCbssure  or  agitation; 
Suck  facts  sbonti  rouse  the  mathematical  phifosopber,  and 
excite  him  to  A>ilow  oat  the  conjectures-  of  the  illusCrioua 
Newton^  encouraged  by  the  ingenious  attempts  of  BoideOi^ 
vich ;  and  the  proper  beginning  of  this  study  is  to  attend- 
to  the  laws  of  attraction  and  repulsion  exerted  by  the 
particles  of  cohering  bodies,  discoverable  by  experiments 
made  on  their*  actual  extensions  rad^  compk'essiotis.  Th^ 
experiments  of  simple  extensions  and  compressions  are 
qMiite  i^suAcieilt,  because  the  total-  stretching  6f  a'  wire  i^ 
so  small  a  quantity,  that  tlie  mistake  oT  the  lOOOth-  parif 
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of  an  iifcfa  occasidns  an  iiregularitj  which  deratiges  any 
progression  so  as  to  make  it  useless.  But  by  the  bending 
of  bodies^  a  distension  of  ^io^h  of  aff  inch  may  be  easily 
magnified  in  the  defleetidn  of  the^ppring  ten  thousand 
times.  We  know  that  the  investigation  is  intricate  and 
difficult,  but  not  beyond  the  reach  of  our  present  mathe- 
matieal  attainments;  and  it  will  give  very  fine  oppor- 
tunities of  employing  all  the  address  of  analysis*  In  the 
last  eentury  and  the  beginning  of  the  present  this  was  a 
sufficient  excitement  to  the  first  geniuses  of  Europe.  The 
cycloid,  the  catenarta,  the  elastic  curve,  the  velaria,  the 
caustics,  were  reckoned  an  abundant  recompense  for  much 
study ;  and  James  Bernoulli  requested,  as  an  honourable 
monument,  that  the  logarithmic  spiral  might  be  inscribed 
on  his  tombstone.  The  reward  for  the  study  to  which 
we  now  presume  to  incite  the  mathematicians  is  the  al- 
most unlimited  extension  of  natural  science,  important  in 
every  particular  branch.  To  go  no  further  than  our  pre- 
sent subject,  a  great  deal  of  important  practical  know- 
ledge respecting  the  strength  of  bodies  is  derived  from 
the  single  observation,  that  in  the  moderate  extensions 
which  happen  before  the  parts  are  overstrained,  the  forces 
are  nearly  in  the  proportion  of  the  extensions  or  separa- 
tions of  the  particles.     To  return  to  our  subject. 

386.  James  Bernoulli,  in  his  second  dissertation  on  the 
elastic  curve,  calls  11  question  this  law,  and  accommodates 
his  investigation  to  any  hypothesis  concerning  the  relation 
of  the  forces  and  extensions.  He  relates  some  experi- 
ments of  lute  strings  where  the  relation  was  considerably 
different.     Strings  of  tbr6e  feet  long. 

Stretched  by  2,    4,    6,    8,  10  pds. 

Were  lengthened     9,  17,  23,  27,  30  lines. 
But  this  is  a  most  exceptionable  form  of  the  experiment. 
The  strings  were  twisted,  and  the  mechanism  of  the  ex- 
tensions  is  here  exceedingly  complicated,  combined  with 
compressions  and  with  transverse  twists,  &c.     We  made 
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ttporiments  on  fine  slip's  of  the  gum  caoutchouc,  tad  on 
the  juice  of  the  berries  of  the  white  bryony,  of  which  a 
single  grain  will  draw  to  a  thread  Of  two  fe^t  long,  and 
agdn  return  into  a  perfectly  round  sphere.  We  measured 
the  diameter  of  the  thread  by  a  microscope  with  a  micro- 
meter, and  tliuh  could  tell  in  every  state'  of  extension  the 
proportional  number  of  particles  in  the  sections.  We 
found,  that  though  the  whole  range  in  which  the  distance 
of  the  particles  was  dianged  in  the  proportion  of  13  to  1, 
the  extensions  did  not  aenaSdy  deviate  from  the :  propor- 
tion of  the  forces.  The  same  thing  was  observed- in  the 
caoutchouc  as  iong  as  it  perfectly  recovered  its  jBr^st  di- 
mensions. And  'it  is  on  the  authority  of  these  experi- 
Inents  that  we  presume  to  announce  this  as  a  law  of  na« 
lure. 

<  389.  Dr  Robert  Ho6ke  was  undoubtedly  the  first  who 
attended  to  this  subject,  and  assumed  this  as  a  Jaw  of 
nature.  Mariotte  indeed* was  the  first  who  expressly 
used  it  4br*  determining  the  strength  of  beaiAs  :  this  he 
did  about  the  1679,  correcting  the  simple  theory  of  6a- 
Hleo.  Leibnitz  indeed,  in  his  dissertation  de  Reiistentia 
Solidifrumy  ih  the  Acta  Eruiit(yrum  1684^  introduces  this 
consideration,  and  wishes  to  be  regarded  as  the  disco- 
verer ;  and  he  is  always  acknowledged  as  such,  by  the 
BernouUis  and  others  who  adhered  to  his  peculiar  doc- 
trines. But  Mat* iotte  bad  piibKshed  the  doctrine,  in  the 
most  express  terms  long  before;  and  Bulfinger, . in  the 
Ctrnmeni.  PttropoL  1729,  completely  vindicates  his .  claim. 
But  Hooke  was  unq^uestionably  the  discoverer  of  this  law* 
It  made  the  foundation  of  his  theory  of  springs,  announ- 
ced to  the  Royal  Society  about  the  year  1661,  and  read 
in  1666/  On  this  occasion  he  mentions  many  things  on 
the  strength  of  bodies  a?  quite  familiar  to  his  thoughts, 
which  are  immediate  deductions  from  this  principle ;  and 
among  these  mII  the  facts  which  John  Bernoulli  adduces 


|9i  9»9K9tH  Of  M^TBftlALS^ 

in  mffOft  of  Leibaito's  netiona  about  tbe  foreo  of  Mic» 
imttoliOD. 

39(X  Bat  eves  with  tbis  first  covMietion  of  M«riotte» 
the  raechanism  of  tnuisTene  straia  U  n»t  fiiUj  aor  juatlj 
esptained.  The  force  acting  ia  the  direction  BP  (Piaiie  V. 
^,  1.),  aM  beadkig  the  body  ABCI>»  not  onl J  ttretdiea 
the  fibres  on  the  aide  opposite  to  the  axia  of  fiscture,  but 
compressea  the  side  AB»  which  beeonea  ooncave  bjr  the 
strain.  Indeed  it  cannot  de  the  one  withoot  doing  the 
other :  For  in  order  to  stretch  the  fibres  at  D^  there  mnat 
be  aome  fitknim,  soeae  siifpart,  on  which  tiie  trirtaal 
kver  BAD  may  press,  that  it  may^tear  asunder  the 
atretched  fibres.  This  fHlcnim  must  snstain '  both  the 
pressnre  arising  from  the  cohesion  of  the  diatended  fihrea, 
and  also  the  action  of  the  external  force,  which  immedk 
atelj  tends  to  cause  the  pronaioent  part  of  the  beam  to 
alide  along  the  section  DA.  iict  BAiD  therefisre  hft 
considered  as  a  crooked  lever,  of  whidi  A  is  the  fttl« 
cruon.  Let  an  exiemal  force  be  apptted  at  B,  in  the  di* 
Taction  BP,  and  Ijet  a  force  equal  to  the  aocvmolated  eo-. 
hesion  of  AD  be  applied  at  O  in.  the  diractioe  opposite  to- 
AB4  that  is,  perpendicular  to  AQ;  and  kt  these  two 
farces  be  supposed  to  balance  each  other  bf  the  ioMrven- 
tioa  of  the  lever.  In  the  firat  place,  the  foite  a^  Ormnst 
be  to  the  force  at  B  as  AB  to  AO :  Therefore^  if  we 
nake  AK  equal  and  opposite  to  A(X.  and  AL  equal  and 
opposite  to  AB,  the  common  priuciplea  of  nsechaaica  ift- 
form  us  that  the  fiilerum  A  is  affected  in  the  same  auoi- 
ner  as  if  the  two  forces  AK  and  AL  weve  tmmwWately 
applied  to  it,  the  force  AK  beii^  eqaad  to  the  wei^  P, 
aiad  AL  eqjtial  to  Uie  aecumukted  cobesiM  actually  ex- 
eated  in  the  instant  of  fracture.  The  friamm  is  ther^ 
fore  really  pressed  in  the  direction  AM,  the  diagonal  of 
the  parallelogram,  and  it  must  resial  in  the  dnredjen  and 
Wth  the  force  MA ;  and  diis  power  of  rasiatance^  this 
support,  must  be  furnished  by  the  repulsive  forces  exerted 


6^  those  partkle0'aMfy  W|iich  al^  in  a  rtate  of  actual  cotti* 
pression.  The  force  AK^  which  is  equal  to  the  external 
force  P,  must  be  resisted  ia  the  direction  K  A  by  the  late- 
ral cohesion  of  die  whole  partides  between  D  and  A  (the 
particle  D  is  not  otily  drawn  forward  but  dottmward). 
This  prevents  the  part  CD AB  from  sliding  d6wn  along 
the  section  DA. 

a9L  This  is  fuUy  rerified  by  experiment.  If  we  at- 
tempt to  break  a  long  slip  of  cork,  or  any  such  very  com^ 
pressibie  body,  we  always  observe  it  to  bulge  6ut  on  thte 
concave  side  befort  it  cracks  on  the  othet  side.  If  ^t  is  a 
body  of  fibrous  or  foliated  texture*  it  seldom  fails  spliif- 
terittg  off  on  the  concave  side ;  and  in  many  cases  this 
aplintering  is  very  deep,  evto  reaching  half  way  through 
ihe  piece.  In  hard  and  granulated  bodies,  such  as  a  piece 
of  freestone,  chalky  dtjr  clay,  sugar,  and  the  like,  we  go- 
^lerally  see  a  considerable  spKnler  or  diiver  fly  off  froiti 
the  hollow  side.  If  tha  fracture  be  slowly  made  by  a  force 
at  B  gradually  augmeKted,  the  formation  of  the  splinter 
is  very  distinctly  seen.  It  forms  a  friangula^  piece  lilte 
a  I  i,  vrhlch  generally  breaks  in  the  middle.  We  doubt 
not  but  that  attentive  observation  would  show  that  the 
direction  of  the  crack  on  each  side  of  I  is  not  very  diffe- 
fsent  from  the  direction  AM  and  its  correspondent  on  the- 
4>ther  side.  This  is  by  no  means  a  circumstance  of  idle 
curiosity,  but  intiiAately  connected  with  the  mechanism 
of  cohesion. 

S9£.  Let  us  see  what  consequences  result  from  this 
atate  of  the  ease  rejecting  the  strength  of  bodies.  Let  D 
A  KC  (Plate  V.  fig.  4.)  represent  a  vertical  section  of  a  prisiii 
of  compressible  materials,  such  as  a  pie<^  of  timber.  Sop* 
pose  it  loaded  with  a  weight  P  hung  at  its  extremity. 
Suppose  it  also  of  such  a  constitution  that  aU  the  fibres  in 
AD  aie  in  a  state  of  dilatation,  while  those  in  A  A  are  in  a 
atate  of  compressioa.  In  the  instant  of  fracture  the  paa- 
tides  at  D  and  £  are  withheld  by  forces  9  if,  £  €,  and 
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tbe  particles  at  A  and  E  repel,  resist,  qr  sfippprt,  with 
forces  A  )•  £  t. 

Some  Jioe,  such  as  d  ^  A  i ),  wiH  limit  all  these  ordin- 
atesy  <^icb  represent  the  forces  actui^Ily  exerted  in  the 
instant  of  fracture.  If  the  forces  are  as  the  extensions 
and  compressions,  apt,  wp  ht^r^  great  reason  to  believe, 
de  A  and  A  ■ )  will  be  two  straight  lines<  Tliej  will 
form  one  straight  lipe  <f  A  ),  if  (be  forces  which  resist  a 
certain -dilatation  are  equal  to  the  forces  which  resist  an 
equal  t^ompression.  But  this  is  quite  accidental,  and  is 
not  stfictly  true  in  any  body.  In  most  bodies  which 
have  ^uy  coiisiderable  firmness,  the  compressions  made 
bj  ajiy  external  fprc^  are  nqt  90  great  as  the  dilatations 
which* the  same  force  WQuld  produce;  that  is,  the  repul- 
sions which  are  excited  by  any  supposed  degree  of  com- 
pression  are  greater  than  the  attractions  excited  by  the 
same  degree  of  dilatation.  Henc^  it  will  generally  follow, 
that  thp  angle  d  A  D  is  less  than  the  angle  ^  A  A,  and  the 
ordinates  D  d,  E  f ,  &c.  are  less  than  the  -  corresponding 
ordinates  A ),  £  i,  &c. 

Bpt  whatever  be  the  nature  of  the  line  (/  A  }, .  we  are 
certain  of  this,  that  the  whole  area  A  D  d  is  equal  to  the 
whole  fir^a  A  A  ^ ;  for  as  the  force  at  B  is  gradually  in<- 
creased,  and  the  parts  between  A  &nd  D  are  more  exr 
tended,  and  grisater  cohesive  forces  are  excited,  there  is 
always  such  a  degree  of  repulsive  forces  excited  in  the 
particles  between^  A  and  A  that  the  one  set  precisely  ba» 
lances  the  other.  The  force  at  B,  actipg  perpendicularly 
to  AB,  ha?  no  tendency  to  push  the  whole  piece  closer  on 
the  part  next  the  wall  or  to  pull  it  away.  The  sum  of 
the  attractive  and  repulsive  forces  actually  excited  must 
therefore  be  equal.  Th$se  sums  are  represented  by  tfa^ 
two  triangular  areas,  wfiich  are  therefore  equal. 

,The  greater  we  syppose  (he  repulsive  forces  correspond- 
ing to  any  degree  of  compression,  in  comparison  with  the 
^ttra^JY^  f^^^^s  corresponding  tp  the  sawe  degree  of  ex- 
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tension,  the  smaller  will  A  A  be  in  comparison  of  AD. 
In  a  pieee  of  cork  or  sponge,  A  A  may  chance  to  be  equal 
to  AD»  or  even  to  exceed  it;  but  in  ^  piece  of  marble, 
A  A  will  perhaps  be  very  small  in  comparison  of  AD. 

393.  Now  it  is  evident  that  the  repulsive  forces  excited 
between  A  and  a  have  no  share  in  preventing  the  fracr 
ture.  They  rather  contribute  to  it,  by  furnishing  a  ful- 
crum to  the  lever,  by  whose  energy  the  cohesion  of  the 
particles  in  AD  is  overcome.  Henc;^  we  see  an  important 
consequence  of  the  compressibility  of  the  body.  Its  power 
of  resisting  this  transverse  strain  is  diminished  by  it,  and 
so  much  the  more  diminished  as  the  stuff  is  more  com* 
pressibhe. 

This  18  fully  verified  by  some  very  curious  experiments 
made  by  Du  Hamel.  He  took  16  bars  of  willow  2  feet 
long  and  ^  an  inch  square,  and  supporting  them  by  props 
under  the  ends,  he  broke  them  by  weights  hung  on  the 
middle.  He  broke  4  of  them  by  weights  of  40,  41 «  47 
and  52  pounds :  the  mean  is  4$.  He  then  cut  4  of  them 
|d  through  on  the  upper  side,  and  filled  up  the  cut  with 
a  thin  piece  of  harder  wood  stuck  in  pretty  tight.  These 
were  broken  by  46,  54,  50,  and  58  pounds ;  the  mean  of 
which  is  51.  He  cut  other  four  ^  through,  and  they  were 
broken  by  47,  49,  50,  46 ;  the  mean  of  which  is  48.  The 
remaining  four  were  cut  fds;  and  their  mean  strength 
was  42. 

Another  set  of  his  experiments  is  still  more  remark- 
able. 

Six  battens  of  willow,  36  inches  long  and  1^,  square, 
were  broken  by  585  pounds  at  a  medium. 

Six  bars  were  cut  Jd  through,  and  the  cut  filled  with  a 
wedge  of  hard  wood  stuck  in  with  a  little  force :  these 
broke  with  551. 

Six  bars  were  cut  half  through,  and  the  cut  was  filled 
in  the  same  manner :  they  broke  with  548.  , 

Six  bars  were  cut  |ths  through ;  these  broke  with  530. 
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A  batten  ^^  ith^  ^rovgh,  apd  Jo«ded  till  ip^rJy  bro^ 
jien,  wiw  iiaload<Hi«  and  the  w^ge  Ukffo  ^out  of  tbe  cut 
4.  (bicker  wedg^  1^83  put  in  tigbi,  ao  ^  to  m^k/t  tk^  bat* 
ten  itrnigbt  ^^  by  filling  jip  the  space  left  by  tbe 
coii^?8»ioii  of  tbe  wop4:  this  batte|i  brpk«  witb  677 
pounds. 

Frora  tbts  it  is  plain  tbat  more  than  ids  of  tlip  thiekr 
aefs  (ii^rhapi  D«afly  |tM)  pontnbuted  nothing  tQ  tb« 
»trengtb.  . 

Tbe  point  A  is  ^be  centre  of  frm^Mire  in  tbis  cj|se ;  and 
ta  order  to  eatimi^  tbe  strength  of  tbe  piece,  we  tn^j 
suppose  tbat  tb^  ^fook^d  lever  virtually  cqnqfrned  in  tbe 
strain  is  DAB.  W^  must  find  the  point  I,  wbicb  is  tbf 
^ntre  of  effort  of  all  tbe  attra^rtive  forces,  or  that  point 
lybere  tbe  fyW  coh^on  of  J^H  ipust  b^  Appti^»  90  es  tei 
bave  a  ovimentum  ^ual  t^  tbe  ^ccomiilated  moanenta  of 
4||I  th^  variable  forces.  We  must  in  Uk^  oimner  find  the 
centre  of  effort  i  of  the  repulsive  or  suppprti^ig  forces  e^r 
i^rted  by  the  fibres  lying  between  A  and  a. 

It  IB  plaip^  #nd  tb^  roipark  is  important,  th^t  this  l^t 
4;entre  of  efTprt  js  the  |*eal  fulcrum  of  the  I^yoti  ^Hbougb 
A  19  the  point  where  there  is  q^itb^r  ^t^sjkin  niv  ov^ 
^faction ;  for  the  lev^  is  supported  in  tb?  saipe  mann^ 
l»  if  the  repplsiops  qf  the  wbple  Hne  A  A  w^e  ^^erted  at 
that  point.  Th^er^foFf  l^t  S  represent  the  lurface  of  firae^ 
ture  from  A  to  D,  and  /  represent  the  absolute  cohesion 
oC  ft  threat  D  ip  the  instant  of  fracture.  We  sbnU  have 
/Sxl  +  t^l?/,  or/:I  +  « =/S :  p ;  that  is,  the  length 
AB  is  to  the  distance  betvi^f  qu  th^  tv^o  ceptfop  of  efyft  I 
and  t,  as  the  absplute  cphesi|on  of  the  secti^^  b#tW3een  A 
and  p  is  to  the  relative  strength  of  the  section. 
.  It  would  be  perbpps  n^ofe  accurate  to  malfe  AI  ond  A  i 
equal  to  the  distances  of  A  from  the  horizpnt%l  (ine^  jm^ 
liing  through  thp  fsenires  of  gr^v^ty  of  the  trinnglf^  <*  AD 
and  ^  A  A.  It  is  o^ily  in  tl^is  construction  t^t  tb«  poin49 
J  and  I  are  thQ  centres  of  real  ^ffort  qf  th«  ^qcumvVited 


ilMraetioQ^  md  repMlsian^.  But  i  ftod  s\  deterimned  ai 
we  have  done,  are  the  points  where  the  full,  equal,  actions 
may  bt  ^  applied,  ao  aa  (o  prodaee  the  same  moments. 
The  fi»a)  remits  are  the  «aioe  m  bpth  eaaea.  The  atteni* 
tive  apd  duly  lAfgrDted  reader  wHl  sea  that  Mr  9ulfinger» 
ill  a  veiy  eUbora|;e  dttaertatioo  on  tba  strength  of  beams 
ia  the  CmvmeBt*  P^ttvpaliUm-  178B,  has  aoqamitted  sereral 
inlstak««  in  his  afitimatkHi  of  the  actions  of  the  fibres.  Wa 
ixieQtian  this  becausa  bis  reaaonings  are  quoted  and  apt 
paaled  tQ  as  auiiioriiiQs  by  ]V|uscbenbroek '  and  other  au<f 
th^re  of  nota.  The  suliia^t  has  been  considered  by  many 
aiitbors  QQ  tha contiaant.  Wa^ecoEamtnd to th^reader^ 
perupal  (ha  vary  minute  disausiaons  in  the  Memoirs  of  tha 
Academy  of  PaHs  fiMr  17Q8  by  Varigaon,  the  Memoira 
fpr  1708  by  Parents  and  particularly  that  of  Coulonib  in 
l&ba  Mcm.jkEir  U9  Sf§vim9  Eirtmgertf  tomt  riU 
.  It  is  e?idant,  frmn  what  l^ls  been  said  abora,  that  if  9^ 
and  a  raprcsant  tha  surfaces  of  tlie  seolions  above  and  be* 
low  A,  and  if  Ct  and  g  are  tha  distances  of  their  centres  of 
gravity  from  A,  and  O  and  a  the  distances  of  their  ceatref 
of  oscillation,  and  J)  and  4  their  whole  depths,  the  mo- 

mentum  of  cohesion  wil  be''— -jr 1-  — ~—  ^  pL 

If  (as  if  QHQst  likaly)  the  ftorcas  are  proportional  to  tba 
QXtaasions  and  eamfrassit^Bs,  tha  distances  AI  and  A  t", 

which  are  respectirdy  ^  -yr-  and  ^-^  are   respectr 

ively  ^  I  DA,  and  ^  A  A ;  and  wh«i  taken  together  are 
is;  ^  O  A.  If,  uAoraover,  the  extensions  are  equal  to  the 
compressioDs  in  the  instant  of  fracture,  and  the  bod|y  is  a 
rectangular  prism  like  a  conimon  joist  or  beam,  then  DA 
and  A  A  ara  also  equal;  and  therefore  the  momentum  of 

cohesionis/Jxidxf  d=5:  ^^-g — ,  ^fbdx\i=^p^ 

Hence  we  obta^i  this  analn^i  **  Sts  t!mes  the  leiigth  is  to 
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the  depth  as  the  absolute  cohesion  of  the  seetton  is  to  its 
relative  strength/' 

394.  Thus  we  see  that  the  compressibility  of  bodies  has 
a  rerj  great  influence, on  their  power  of  withstanding  a 
transverse  strain.  We  see  that  in  the  most  favourable 
supposition  of  equal  dilatations  and  compressions,  the 
strength  is  reduced  to  one  half  of  the  value  of  what  it 
would  have  been  had  the  body  been  incompressible.  This 
is  by  no  means  obvious ;  for  it  does  not  readily  appear 
bow  compressibility,  which  does  not  diminish  the  cohe- 
sion of  a  single  fibre,  should  impair  the  strength  of  the 
whole*  The  reason,  hoUKver,  is  sufficiently  convincing 
when  pointed  out.  In  the  instant  of  fracture  a  smaller 
portion  of  the  section  is  actually  exerting  cohesive  forces, 
while  a  part  of  it  is  only  serving  as  a  fulcrum  to  the  lever, 
by  whose  means  the  strain  on  the  section  is  produced. 
We  see  too  that  this  diminution  of  strength  does  not  so 
much  depend  on  the  sensible  compressibility,  as  on  its 
proportion  to  the  dilatability  by  equal  forces.  When  this 
proportion  is  small,  A  A  is  small  in  comparison  of  AD, 
and  a  greater  portion  of  the  whole  fibre  is  exerting  attract 
tive  forces.  The  experiments  already  mentioned  of  Da 
Hamel  de  Monceau  on  battens  of  willow,  shew  that  its 
compressibility  is  nearly  equal  to  its  dilatability.  But 
the  case  is  not  very  different  in  tempered  steel.  The  fa- 
mous Harrison,  in  the  delicate  experiments  which  h^ 
made  while  occupied  in  making  his  longitude  watch,  dis- 
coveried  that  a  rod  of  tempered,  steel  was  nearly  as  much 
diminished  in  its  length,  as  it  was  augmented,  by  the  same 
external  force.  But  it  is  not.  by  any  means  certain  that 
this  is  the  .proportion  of  dilatation  and  compression  which 
obtains  in  the  very  instant  of  fr^ture.  We  rather  ima<* 
gine  that  it  is  not  The  forces  are  nearly  as  the  dilata- 
tions till  very  near  breaking ;  but  we  think  that  they  di- 
minish when  ,  the  body .  is  just  going  to  bresk-    But  it 
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seems- certain  tliat  the  forces  wbt^h  resist  compression -in^P 
crease  faster  than  the  compressions,  even  before  fracture. 
We  knpw  incontestablj  that  the  ultimate  resistances  to 
compressioii  are  insuperable  bjr  any  force  which  we  can  . 
employ.     The  repulsive  fprces  therefore  (in  their  whole 
extent)  increase  (aster  than  the  compressions,  and  are 
.expressed  by  an  asyipptotic  branc|i  of  the  ]3osooFichian 
curve  formerly  explained.     It  is  therefore  probable,  espcr 
cially  in  the  more  simple  substances,  that  they  increase 
faster,  even  in  such  compressions  as  frequently  obtain  in 
the  breiakiog  of  hard  bodies.    We  are  disposed  to  think 
that  thi9  is  always  the  case  in  such  bodies  as  do  not  fly  off 
}n  splinters  on  the  concave  side ;  but  this  must  be  under- 
stood with  the  exception  of  the  permanent  changes  which 
pay  be  ma(}e  by  compression,  when  the  bodies  ^e  crippled 
by  it.     This  always  increases  the  compression  itself,  and 
causes  the  neutral  point  to  shift  still  more  towards  D. 
The  effect  of  this  is  sometimes  very  great  and  fatal. 
.  Experiment  alone  can-  help  us  to  discover  the  propor-* 
tion  between  the  dilatability  and  compressibility  of  bodies. 
The  strain  now  under  consideration  seems  the  best  calcu- 
lated for  this  research.     Thus,  if  we  find  that  a  piece  of 
wood  an  inch  square  requires  |2,p00  pounds  to  tear  i( 
asunder  by  a  direct  pull,  and  that  200  pounds  nrjll  break 
it  transversely  by  acting  10  inches  from  the  section  of 
fracture,  we  must  conclude  that  the  neutral  point  A  is  in 
the  middle  of  the  depth,  and  that  the  attractive  and  resr 
pulsive  forces  are  equal.     Any  notions  that  we  can  form 
of  the  constitution  of  such  fibrous  bodies  as  timber,  make 
us  imagine  that  the  sensible  compressions,  including  what 
arises  from  the  bending  up  of  the  compressed  fibres,  is 
much  greater  than  the  real  corpuscular  extensions.    One 
may  get  a  general  conviction  of  this  unexpected  proposir 
tion  by  reflecting  on  what  must  happen  during  the  frac- 
ture.    An  undulated  fibre  can  only  be  drawn  straight,  and 
then  the  corpuscular  extension  begins ;  but  it  may  b« 
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bent  up  hy  compression  to*  anj  degree,  tlie  corpuscular 
coiDjpression  being  little  affected  all  tbe  while.  This  ob- 
servation is  Tcrf  important ;  and  though  the  forces  of  cor« 
pascular  repulsion  maj  be*  almost  insuperable  hj  anj  com^ 
pression  that  we  can  employ,  a  sensible  compression  maj 
be  produced  b J  forces  not  enormous,  sufficient  to  cripple- 
the  beam.  Of  this  we  shi^O  see  very  important  instances 
sifterwards. 

'  S95.  It  deserves  to  be  noticed,  that  although  the  rela- 
tive strength  of  a  pristnatic  solid  is  extreme! j  different  in 
the  three  hypotheses  now  considered,  yet  the  proportional 
strengths  of  ilifferent  pieces  follow  Che  same  ratio  ; 
namely,  the  direct  ratio  of  the  breadth,  the  direct  ratio  6f 
tbe  square  of  the  depth,  and  the  inverse  ratio  of  the  length. 
In  the  first  hypothesis  (of  equal  forces)  the  strength  of  a 

rectangular  beam  was   r      ,  ■ ;  in  the  second  (of  attrac- 

tive  forces  proportional  to  the  extensions)  it  was  —qT— « 
and  in  the  third  (equal  attiwtiona  and  repukioos  pit^r« 

tional  to  the  extensions  and  compressions)  it  was*^  ^,   ^or 

more  generally  ^ — ^,  where  m  expresses  the  unknown 

luroportion  between  the  attractions  and  repulsions  correa- 
ponding  to  an  equal  extenskm  and  compression. 
..  396.  Hence  we  derive  a  piece  ef  useful  information, 
which  is  confirmed  by  unexcepted  experience,  that  the 
strength  of  a  piece  depends  chiefly  on  its  depth,  that  is, 
on  that  dimension  which  is  i^  the  direction  of  the  strain, 
A  bar  of  timber  of  one  inch  in  breadth  and  two  inches  in 
depth  is  four  Umes  as  strong  as  a  bay  of  only  one  inph 
deq;»,  and  it  is  twice  as  strong  as  a  bar  two  inches  broad 
{md  ope  deep ;  that  is,  a  joist  or  I^er  is  always  strongest 
frhen  laid  on  its  edge. 
,  397.  There  is  therefore  a  choice  in  the  manner  in  wl 


die  ooliesion  la  qiposed  to  the  straia.    The  general  aioi 

must  be  to  put  tke  centre  of  efiprt  I  as  far  from  the  f uU 

crum  or  the  neutral  point  A  as  possible,  $o  as  to  give  the 

greatest  energy  or  mouentum  to  the  cohesion.    Thus»  if 

a  triaiigiilar  bar  projecting  from  a  wall  is  loaded  with 

a  weight  at  its  extremitj,  it  will  bear  thrice  as  muck 

when  one  of  the  sides  b  uppermost  as  when  it  is  under^ 

most.      The  bar  of  Fig.  8.  would  be  three  times  as 

strong  if  the  side  AB  were  uppermost  and  the  edge  DC 

midermost. 

396L  Hence  it  follows  that  the  strongest  joist  that  ca» 

be  cut  out  of  a  rotmd  tree  is  net  the  one  which  has  the 

greatest  quantitj  of  limber  in  it,  but  such  that  the  prok 

duct  of  its  breadth  bj  the  scpiare  of  its  depth  shall  be  the 

greatest  possible.     Let  ABCI>  (fig.  5.)  be  the  sectien  of 

this  joist  inscribed  in  the  circle,  AB  being  the  breadth 

and  AD  the  depth.    Since  it  is  a  rectangnfaur  sectimi,  the 

diagonal  BD  is  a  diameter  of  the  drde,  ai^  BAD  is  m 

right  angled  triangle.    Let  BD  be  called  a  and  BA  be 

ealled  x ;  then  AD  iszsiV  a*— «\    Now  we  must  have 

AB  X  AD%  or  »  X  a^ — «%  or  s^  »*«  ji^,  a  maximum.    Its 

flnxion  a*  »  -«-  3  JD^ «  nmat  he  nmde  :s  o^  or  a^  =  3  jc*,  or 

a* 
«^  =  -^.    If  therefore  we  ipake  D£  =  I  DB,  and  draw 

£C  peq>endicular  to  BDv  it  wiU  cut  the  cifC«n|ferenoe  in, 
the  |>okit  C,  whieh  dejterminea  tlie  depth  BC  and  the 
breadth  CD. 

Because  BD :  BC  ==  CD :  CE,.  we  haire  the  area  of  the 
section  BCCD  =:  BD-CE.  Therefore  the  different  sec* 
tions  having  the  same  diagonal  BD  are  proportional  to 
their  heighU  CIS.  Therefore  the  section  BCDA  is  less 
than  the  section  B  c  D  a,  whose  four  sides  are  equal.  The 
joist  so  shaped,  there&re,  is  both  strongec^  lighter,  and 
cheaper.  .   *  : 

30a  The  strength  of  ABCD  is  to  that  of  a  B  c  D 
as  10)OQO  to  918fi^  Md  the  weig^ht  and  expence  as 
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10,000  to  10,607 ;  so  that  ABCD  is  preferable  ioa'BcT} 
in  the  proportion  of  10,607  to  9186;,'  or  nearly  115  to 
100. 

Front  the  same  principles  it  foUows  that  a  holldw  tube 
is. stronger  than  a  solid  rod  containing  the  same  quantity 
of  matter.  Let  Fig.  6.  represent  the  section  of  a  cylin-^ 
dric  tube,  of  which  AP  and  BE  are  the  exterior  and  in- 
terior diameters  and  C  the  centre.  Draw  BD  perpen- 
dicular  to  BC,  and  join  DC  Then,  because  BD""  =  CD' 
-*  CB%  BD  is  the  radius  of  a  circle  containing  *  the  same 
quantify  of  matter  with  the  ring.  If  we  estimate  the 
strength  by  the  first  hypothesis^  it  is  evident  that  the 
strength  of  the  tube  will  be  to  that  of  the  solid  cylinder, 
whose  radius  is  BP,  as  BD^ x  AC  to  BD'x  BD;  that  is, 
as  AC  to  BD :  for  BD'  expresses  the  .cohesion  of  the 
ring  or  the  circle,  and  AC  and  BD  are  equal  to  the 
distances  of  the  centres  of  effort  (the  same  with  the  cen- 
tres of  graTity)  of  the  ring^  and  circk  from  the  axis  of 
fracture. 

The  proportion  of  these  strengths  will  be  diflerelit  in 
the  other  hypotheses,  and  is  not  easily  expressed  by  a  ge» 
neral  formula;  but  in  both  it  is  still  more  in  favour  of  the 
ring  or  hollow  tube. 

^he  following  very  simple  'solution  will  be  readily  un- 
derstood by  the  intell^[ent  realder.  Let  O  be  the  centre 
of  osdllation  of  the  exterior  circle,  a  the  centre  of  oscilla- 
tion of  the  inner  circle,  and  w  the  centre  of  oscillation  of 
the  ring'  ineluded  between  them.  Let  "M  be  the  quantity 
of  surface  of  the  exterior  circle,. m  that  of  the  inder  circle, 
and  f*  that  of  the  ring^ 

^  •"        4FC       * 

the  strength  of  the  ring  =  ^^     ",  and  the  strength  of 

the  same  quantity  of  matter  in  the  form  of  a  Solid  cylin- 
der  is//*  X  {  BD ;  so  that  the  strength  of  the  ring  is  to 
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that  of  the  solid  rod  of  equal  weight  as  F  fo  to  |  BD,  or 

nearly  as  FC  to  BD.    This  wiH  easilj  appear  by  recoU 

gum  qP  h  ^  f^ 

]ectingthatFOis= —^ — ,  and  that  the  momentum 

fit.  rC 

'.     .      .  /m-FC-Fa      /m-Fo  .     ,,     . 
of  cohesion  is p^        =  ^ —  for  the  inner  cir- 

cle,  &c. 

Emerion  has  given  a  verj  inaccurate  approximation  to 
this  valu^  in  his  Mechanics^  4to. 

400.  This  property  of  hollow  tubes  is  aceompanied  also 
ivith  greater  stiffness ;  and  the  superiorit  j  in  strength  and 
stiffness  is  so  much  the  greater  as  the  surrounding  shell  is 
thinner  in  proportion  to  its  diameter. 

401.  Here  we  see  the  admirable  wisdom  of  the  author 
of  nature  in  forming  the  bones  of  animal  limbs  hollow. 
The  bones  of  the  arms  and  Jegs  have  to  perform  the  of- 
fice of  levers,  and  are  thus  opposed  to  very  great  trans- 
verse strains.  By  this  form  they  become  incomparably 
stronger  and  stiffet*^  and  give  more  room  for  the  insertion 
of  muscles,  while  they  are  lighter  and  therefore  more 
agile ;  and  the  same  wiidom  has  made  use  of  this  hollow 
for  other  valuable  purposes  of  the  animal  economy.  In 
like  manner,  the  quills,  in  the  wings  of  birds  acquire  by 
their  thinness  the  very  great:  strength  which  is  necessary, 
while  they  are  so  light  as  to  give  sufficient  buoyancy  to 
the  animal  in  the  rare  medium  in  which  it  must  live  and 
fly  about.  The  stalks  of  many  plants,  such  as  all  the 
grasses,  and  many  reeds,  are  in  like  manner  hollow,  and 
thus  possess  an  extraordinary  strength.  Our  best  engi- 
neers now  begin  to  imitate  nature  by  making  many  parts  of 
their  machines  hollow,  such  as  their  axles  of  cast  iron,  &c. ; 
and  modern  philosophical  instrument  makers  now  form 
the  axes  and  framings  of  their  great  astronomical  instru* 
ments  in  the  same  manner. 

In  the  supposition  of  homogeneous 'texture,  it  is  plain 
that  the  fracture  happens  as  soon  as  the  particles  at  D  are 
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Mpao^iEited  beyond  Ihehr  utmoli  limit  of  txhdMm.  Thk  is 
ft  detefmiued  quaatit j«  and  tli^  pibce  btndu  tiO  this  degree 
of  extension  is  produced  in  the  outermost  fibre.  It  foU 
fowls  that  the  smaller  W6  suppose  the  distance'  between  A 
und  D,  the  greater  will  be  the  curvature  i^bich  the  beam 
win  acquire  before  it  breaks.  Greater  depth  therefore 
makes  >a  beam  not  onljr  strdnget  but  also  stifTer.  But  if 
the  fKtralM  fibrtg  can  sM^  on  ett«h  other;  both  the 
strength  and  the  stiffness  wiH  be  ^miaished.  Theretoe. 
if».  instead'  of  one  betni'  D  A  JCC^  we  9«ip|^s«  two,  DABC 
end  A  a  KB,  not  tehering^.  each  of  tbem  wiU  b^iifd,  and 
He  extension  df  the  fibres  ABof  tbtl  undier  beam  will  not 
hinder  the  compressiM  of  the  a<i^ittBig  fkhtH  AB  of  th^ 
vpper  beam. 

40S.  The.  two  teigether'  tkiftefere  wlH  not  be  HitotQ 
than  twice  as  stFong  as  one  of  them  (suppdsifig  DA 
ss  A  a)  isftead  of  tbeing  four  times  ds  strong;  mi  they  will 
beiul  at  nmeh  at  eMier  of  theait  ahttt€  would  be»d  by  Mtt 
tiie  hnML  TUn  iMj  he  prevented,  if  it  were  possiUe  to 
wke  the  two  he«iis  ail  along  the  seam  AB,  so  that  the 
one  shaH  not  slide  on  the  other}  l*his  miij  be  done  lit 
small  Works,  by  giving  them  together  with  a  cem^t  atf 
strovg  88  the  naturai  lateral  cohesion  of  the  fihres.  If 
this  cannot  be  dene-  (as  it  cannot  in  targe  works),  the 
sUding  is  prevented;  hf  socQuno  the  bpsama  to^riier ;  that 
is,  by  cutting  down  several  rectangular  notches*  in  the  upper 
side  ei  the  lower  beam,  and  mabing  similar  notches  in  the 
under  side  ef  the  upper  beam,^  and  fiUfng  up  the  square 
sfces  wieh  pieces  of  very  hand  wood  firmly  driven  in,  as 
nppttsentol  in  Pig,  7,  Some  employ  iron  bolta  by  way  of 
joggles.  But  when  the  joggle  iir  much  Hankr  than  the 
wood  into  whieh.  k  is<  dri^n^  it  ia  very  apt  to  wotfc  loose,, 
hy  ^»*wng  the  hole  into  which  it  is  lodged.  The  same' 
thing  is  sometimes  done  by  scarfing  the  one  upon  the 
other,  OS  represented  in  Fig.  8. ;  but  this  wastes 
mora  timber,  and  is.  not  so  strong,  because  the  mutual 
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book9  irfaicb  this  method  fornix  oa  each  team  vt.viery  upt 
to  tear  each  other  up. .  By  one  or  other  of  these  methods^ 
or  something  similar,  may  a  compound  beatn  be  fbrmed, 
of  any  depth,  whi^h  will  be  almolt  at  stiff  aild  fltrong  at 
an  entire  piece. 

403.  On  the  other  hahd,  we  itiay  combine  strengih  vlith 
|>liablenesi,  by  eompdting  our  beam  of  ietarai  tUn  planka 
laid  on  each  other,  till  ^they  make  a  proper  depth,  aod 
learing  them  at  full  liberty  io  slide  on  each  other.  It  ia 
in  thi»  manner  tlukt  coacb^spriags  are  formed^  as  is  tepti^ 
sented  in  Fig.  9.  In  this  assemblage  there  mutt  be  nd 
JQggli»  hor  bolts  of  any  kind  put  through  the  (daoks  or 
plates ;  for  this  would  hinder  their  mntttal  aUdiilg.  Thijr 
muat  be  kept  together  by  straps  which  sbrround  tbemp  or 
by  something  equivaleiit. 

:  4M.  The  preceding  obaenratimiB  abdw  the  proptiety  of 
Mme  maxims  of  constr uetio%  which  the  artists  hare  dih 
jriTcd  from  long  experience. 

Thus,  if  a  inortioe  is  io  be  cut  out  of  a  piec^  whidi  ir 
nxpoaed  torn  cross  strain^  it  should  be  cut  out  from  tii«t 
aide  which  becomes  concai^e  by  the  Aitaini  as  in  Fig;  IO. 
but  by  no  means  as  iti  Fig.  11. 

If  a  piece  is  to  be  strengthened  by  the  additioii  of  an»» 
tber,  the  added  piece  must  be  joined  to  the  aid#  wluoii 
grows  convel  by  the  strain^  as  in  Fig.  IS.  and  13. 

Before  we  go  any  farther,  it  will  be  conyenieni  td 
recal  the  readerV  attention  to  tht  aoatogy  between 
the  strain  on  a  beam  projeeting  from  a  wall#  and  load- 
ed  at  the  extremity,  «id  a  beam  supported  at .  botii 
«nds  and  loaded  in  some  intermediate  point  It.  is 
^sufficient  on  this  occasion  io  vead  attentirely  wjiat  is 
delivered  in  our  article  on  Roots.  ,We  learn  theie 
that  the  strain  on  the  middle  point  C  Fig.  13*  of  a 
^rcctoBgukr  beam  AB,  supported  on  props  at  A  and 
Bi  ia  the  same  aa  if  the  part  CA  profected  firom  a  waHf 
and  were  botded  with  the  half  4if  the  weight  W  siis« 


^ 


V 
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iMided  at  A.    The  mmneiitum  of  the  strain  is  therefora 

i  W  X  i  AB,  =  W  X  i  AB  =  p  i  /,  or  ^.   The  momen- 

turn  of  cohesion  must  be.  equal  to  this  in  everj  hjpo* 
thesis. 

*  Having  now  considered  in  sufficient  detail  the  circum- 
stances which  affect  the  strength  of  any  section  of  a  solid 
bodj  that' is  strained  transrersely,  it  is  necessary  to  take 
notice  of  some  of  the  chief  modifications  of  the  strain  itself. 
We  shall  consider  only  those  that  occur  most  frequently 
in  oar  constructions. 

The  strain  depends  on  the  external  fcnre,  and  also  w, 
the  leyer  by  which  it  acts. 

406.  It  is  evidently  of  importance,  that  since  the  strain 

is  exerted  in  any  section  by  means  of  the  cohesion  of  the 

'farts  intervening  between  the  section  under  consideration 

«nd  the  point  of  application  of  the  external  force,  the 

body  must  be  able  in  all  these  interring  parts  to  propa» 

^gate  or  excite  the  strain  in  the  remote  section.    In  every 

•|iart  it  must  be  able  to  resist  the  strain  esseited  in  that 

•jpart.    It  should  therefore  be  equally  strong  ;  and  it  is 

useless  to  have  any  part  stronger,  because  the  piece  wiU 

-neverlbdess  break  where  it  is  not  stronger  throughout ; 

^wid  it  is  useless  to  make  it  stronger  (relatively  to  its  strain) 

in  any  part^  for  it  will  nevertheless  equally  ftil  in  the 

*paFt  that  is  too  weak. 

Suppose  then,  in  the  first  place,  that  the  strain  arises 
'§tom  a  weight  suspended  at  one  extremity,  while  the 
'other  >end  is  firmly  fixed .  ia  a  wall*  Supposing  also  the 
'crois  sections  to  be  all  rectangular,  there  are  several  ways 
^of  shaping  the  beam  so  that  it  shall  be  equally  strong 
'throughout.  Thus  it  may  be  equdiy  deep  ia  everjr  perl, 
'ihe  upper  and  under  .suAades.  being .  horisontal  pliaes. 
'^e  condition  will  be  fulfilled  by  making  aD  the  horimi* 
•tal  sections  tnan^^es^  tfs  in  f  ig«.I4. ..  The  two  sides  ace 
'Mrtical  planes  meeting  ialan.  edge  at^th^.extceniiQr  h. 
For  the  equation  expreirfpg  the  balance  of  strainjuid 
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'sirehgth  is  ,p  I  ^fb  d^.  Tfalmfore  since  d^  is  the  nmlb 
throughout,  and  also/),  we  must  hAve/&  3=:  (,  and&  (thfe 
breadth  AD  of  anj  section  ABCD)  must  be  proportion^ 
to  I  (or  AL),  which  it  evidently  is. 

•  Or,  if  the  l)eam  be  6f  Ufiiform  breadth,  we  must  have 

d^  everywhere  propdrtiohal  16  I.    This  will  be  obtained 

'by  making  the  depths  the  ordinate^  of  a  common  parabola, 

^of  which  L  is  the  vertex  and  the  length  i^  the  axis.  '  The 

upper  or  under  side  may  be  a  straight  line;  as  in  Fig.  IS. 

•or  the  middle  line  may  be  straight,*  ilnd  then  both  upper 

'and  under  surfaces  will  be  curved.    It  is  almost  indifT^- 

'^tit  what  is  the  shape  of  the  upper  and  under  surfaces,  prat. 

vided  the  distances  between  them  in  every  part  be  as  the 

•prdinates  of  a  commbn  parabola. 

Or^  if  the  sections  are  all  similar,  such  as  circles,  squares, 
4Jt  toy  dther  slmilal*  polygons,  we  must  have  d^  or  &'  pro- 
Ipoirttonai  to  /,  and  the  depths  or  breadths  must  be  as  th(6 
0|;dinates  of  a  cubical  parabola. 

' '  406*  it  is  evident  that  these  are  also  the  proper  forms 

-ifxt  a  lever  moveable  rotind  a  fulcrum,  and  acted  on  by  it 

force  at  the  eitremity.    The  force  cdmes  in  the  place  of 

the  weight  suspended  in  the  i^ases  already  considered; 

and  it  such  levers  nlways  are  connected  with  anoth^ 

arm,  we  readily  see  that  both  arms  should,  be  fashioned 

in  the  Bame  mann^.  Thus  in  Fig.  14.  the  piece  of  timber 

may  be  supposed  a  kind  of  steelyard,  moveable  round' a 

horizontal  axis  OP^  in  ihe  front  of  the  wall,  and  having 

'the  two  weights  P  and  9  in.  equilibrio.    The  strain  occa^ 

isioiied  by  each  at  the  section  in  which  the  axis  OP  is 

placed  must  be  the  same,  and  each -arm  OL  and  Ox  must 

be  eqnaUy  stroilg  is  all  its  parts.    The  longitudinal  sec* 

tioas  of  each  acib  must  be  a  triangle,  a  comofott  parabola^ 

.or  a  cubic  piirabolay  according  to  the  conditions  ffreviously 

^vea;  ^ 

-    Aftd,  ttcireover,  all  these  forms  are  equally  strong  t  Fo^ 

-«iy  fae  ^^  tfimi  is^  eqUi^ly  strong  in  all  its  parts^  a04 
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4k9f  tre  all  supposed  to  hmrt  the  same  section  at  the 
fireot  of  the  wall  or  at  the  fulcrum.  They  are  not,  how- 
mwu:,  equally  stiff.  The  first,  represented  in  Fig.  14. 
will  bend  least  upon  the  whole,  and  the  one  formed  bf 
4he  cable  parabola  wiU  bend  most.  But  their  curvature 
At  the  reef  fakmm  will  be  the  same  in  all. 

It  10  also  plain,  that  if  the  lerer  is  of  the  second  or 
tUrd  kind,  that  is,  having  the  fulcnim  at  one  extremity, 
it  muat  still  be  of  the  same  slMpe;  for  in  abstract  necha- 
tues  it  h  indifferent  which  of  the  three  points  is  oousi- 
4iered  as  the  axis  of  motion.  In  evmy  lever  the  two 
ibrcesat  the  extremities  act  in  one  direction,  and  the 
fmceim  the  middle  acts  in  the  opposite  direction,  and 
the  great  strain  is  always  at  that  point.  Therefor^  a  lever^ 
snch  as  Fig.  14.  moveable  round  an  axis  passittg  hori- 
jMBtaUy  through  Xf  a»d  acting  against  an  obstacle  at  OF, 
ise^oally  Mt  in  all  iii  parts  to  resist  the stnins  excited 
in  those  parts. 

•  llie  aasne  piinoiples  and  the  suae  eonatmctioa  wiU  ap- 
ply to  beams,  sudi  as  jonts,  supported  at  tlie  ends  L  and 
'  X  Fig.  14,  and  loaded  at  some  intermediata  part  OP. 

Thtt  wiU  appear  evident  by  merely  iarerting  the  direo* 
•tiotts  of  the  forces  at  these  three  points,  ot  by  referdng 
to  onr  article  on  Boovs. 

•  40T.  Hitherto  we  have  supposed  the  external  sttaio- 
ing  fiNxe  as  acting  oaly  in  one  point  of  the  beam.  But 
it  aMiy  be  uniformly  distributed  all  over  the  beam.  To 
jaafce  a  beam  in  such  circumstances  equally  strong  in  aU 
Jls  parte,  the  shape  must  be  eonsideruUy  different  froos 
the  former. 

.  406.  Thus  suppose  the  beam  to  prefect  Cram  a  watt. 
^  If  it  be  of  equal  breadth  througlmutp  its  aides  being 
vertical  planes,  parallel  to  each  other  and  to  the  lengthy 
the  vertical  section  in  the  direction  of  its  length  must  he 
^  triangle  instead  of  a  cmnmoii  parabola  ;  for  die  sreight 
imifofmly  distiibuted  over  the  part  lyioK  bf^roiid  any 
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tien,'  is  as  tke  length  bejoiid  tbal  acciion :  and  nate  it 
may  all  be  conceived  as  collected  at  ks  centre  of  gnxhyf; 
wluck  is  the  middle  of  that  kngth^  the  lever  hj  whkb* 
this  load  acts  or  strains  the  section  is  also  proportional  tty 
the  same  lengtk  The  strain  on  the  section  (or  monwn* 
turn  of  the  load)  is  as  the  square  of  that  lengtk  The 
section  most  have  strength  in  the  same  pfoportiwu  Ils» 
strength  bang  as  the  breadth  and  the  square  of  the  dtpth^ 
and  the  breadth  being  constant^  the  square  of  the  deptk' 
of  anj  section  must  be  as  the  square  of  its  distance 
from  the  end,  and  the  depth  must  be  as  that  distaorce  ^ 
and  therefore  the  longitudinal  vertical  sectiim  must  ha  • 
triangle. 

But  if  all  the  transverse  sections  are  circles,  squares^  or 
any  other  similar  figures,  the  strength  of  every  section,  o? 
the  cube  of  the  diameter,  must  be  as  the  square  of  the 
lengths  beyond  that  aection,  or  the  square  of  its  diltaiicf 
from  the  end ;  and  the  sides  of  the  beam  must  be  a  semi** 
cubical  parabola. 

If  the  upper  and  under  surfaces  are  horinootal  planes^  it 
is  evident  that  the  breadth  must  be  as  the  aqnare  of  the 
distance  from  the  end,  and  the  horieontal  sections  may  be 
fiumed  by  arches  of  the  common  parabola,  having  the 
length  for  their  tangent  at  the  vertex. 

By  recurring  to  the  analogy  so  often  quoted  between  a 
projecting  beam  and  a  jbist,  we  may  determine  the  proper 
ibrm  of  joists  which  are  uniformly  loaded  throngfa  their 
whole  length.  ) 

400.  This  is  a  frequent  and  important  case,  heingthe 
ioS&ce  of  joists,  rafters,  be  and  there  are  some  orewif* 
stances  which  must  be  particuiarty  noticed,  because  they 
are  not  so  obvious,  and  have  been  misunderstood.  When 
a  beam  AB  Fig.  16.  is  siipp<N:ted  at  the  ends,  and  n 
weight  is  bud  on  any  point  t^  a  strain  is  exotled  in  eVeiy 
part  of  the  beam.  The  load  on  P  causes  the  beam  to 
presi  oil  A  and  Q,  and  the  props  react  with  forcca  e^ual 
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of^site  to  these  pressures.  The  load  a<  P  is  to  the' 
pri^sures  at  A  and  B  as  AB  to  PB  and  PA,  and  the  pres*. 
sures  at  A  b  to  that  at  B  as  PB  to  PA ;  the  beam  there«. 
ibre  is  in  .the  si^me  state,  with  respect  to  strain  in  everj. 
part  of  it,  fis  if  it  were  resting  on  a  prop  at  P,  and  were 
hwded  at  the  ends  with  weights  equal  to  the  two  pressures' 
6n  the  iptops ;  and  observe,  these  pressures  are  such  as- 
will  balance  each  other,  being  inversely  as  their  distancea 
from  P.    Let  P  represent  the  weight  or  load  at  P.    The 

PA      ^ 

pressure  on  the  prop  P  must  be  P  x  -Tjt-    This  is  there* 

fere  the  reaction  of  the  prop  B,  and  is  the  weight  which 
we  may  suppose  suspended  at  B,  when  we  conceive  the 
beam  resting  on  a  prop  at  P,  and  carrying  the  balancing 
weights  at  A  and  B. 

'  The  strain  occasioned  at  any  other  point  C,  by  the  load 
P  at  P,  is  the  sam^  with  the  strain-  at  C,  by  the  weight 

PA 

F  X  -pn  banging  at  B,  when  the  beam  rests  on  P,  in  the 

Inanner  |iow  supposed ;  and  it  is  the  same  if  the  beam,  in- 
atead  of  being  balanced  on  a  prop  at  P,  had  its  part  AF 
iixed  in  a  walL    TFhia  is  evident*    Now  we  have  shewn 

PA 

at  length  that  the  strain  at  C,  hy  the  weight  P  x  -^^ 

jhanging  at  B,  is  P  x  --r^  X  BC-  We  desire  it  to  be  par- 
ticularly remarked  that  the  pressure  at  A  has  no  influi- 
ence  on  the  strain  at  C,  arising  from  the  action  pf  any 

ioad  between  A  and  C;  for  it  is  indifferent  how  the 
part  AP  of  the  projecting  beam  PB  is  supported.    The 

^weight  at  A  just  performs  the  same  office  with  the  wall 
in  which  we  suppose  the  beam  to  be  fixed.    We  are  thus 

.particular,  because  we  have  seen  even  persons  not  unac- 

^customed  to  discussions  of  this  kind  puzzl^  in  their  con- 

•  ^eptions  of  this  strain. 

.     Nqit  let  the  load  B  b^  l^id  on  tome  point  p.  between  C 


wd  P.  The  same  reasoning  show?  us  that  the  point  la 
(with  respect  to  strain)  in  the  same  state  as  if  the  beam 
were  fixed  in  a  wall,  embracing  the  part  p  B,  and  a  weight 

^  F  X  -^tg  were  hung  on  at  A^  wd  the  strain  at  C  is 
Px4l^xAC. 

Ad  - 

410.  In  general,  therefore,  the  strain  on  any  point  C,- 
arising  from  a  load  P  laid  on  another  point  F,  is  propor* 
tional  to  the  rectangle  of  the  distances  of  P  and  Q 

from  the  ends  nearest  to  each.     It  is  P  x  — -^e — »   ^ 

AD 

P  X  - — v:g — 9  according  as  the  load  lies  between  C  and 

A  or  between  C  and  B, 

Ccr.  1.  The  strains  which  a  load  on  any' point  P  occa? 
sions  on  the  points  C,  c,  lying  on  the  same  side  of  P,  are 
as  the  distances  of  these  points  from  the  end  B.  In  lik^ 
manner  the  strains  on  £  and  e  are  as  E  A  and  e  A. 

Car.  2.  The  strain  which  a  loaid  occasions  in  the  part  oil 
whibh  it  rests  is  as  the  rectangle  of  the  parts  on  each  side. 
Thus  the  strain  occasioned  at  C  by  a  load  is  (o  that  at  D 
\}j  the  same  load  as  AC  x  CB  to  AD  x  BB.  It  is  there- 
fore greatest  in  the  middle.  ' 

411.  Let  us  now  consider  the  strain  on  any  point  C 
arising  from  a  load  uniformly  distributed  along  the  beam; 
iiet  AP  be  represented  by  a?,,  and  Pphj  x,  and  the  whol^ 
Weight  on  the  beam  by  a.    Then  * 

X 

The  weight] on  P pis     -    -    -    =s  a — ^  i 

s 

•  \       '      4 

Pressure  on  B  by  the  weight  on  Pp  =:  a  -^r^-  x  -r^ .        - 

.^  XX 

Or      -•-•-. -.-.sra 


AB 


Pres.  on  B  by  the  whole  wt.  on  AG  =  «    Aog  °=  a-^  L  w^ 
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Strain  at  C  by  Che  weight  on  AC  =  a  !^^^: 
Strain  at  C  by  the  weight  on  BC  =  a     ^  ,  ,^^ — . 

iJo.  by  the  whole  weight  on  AB  =  a ©"THi 

ACxBCxAC-hCB  ACxBC 

jc  a ^-jg5 ,  -41 -^^jj    . 

Thus  We  see  that  the  strain  is  proportional  to  the  rec- 
tangle of  the  parts,  in  the  same  manner  as  if  the  load  d 
h^d  been  laid  directly  oq  the  poiqt  C»  and  is  indeed  equal 
p}  one  half  of  the  strain  wfiich  would  be  produced  at  C  by 
(he  load  a  laid  on  there. 

418.  It  was  necessary  to  be  thus  particular,  because  we 
^  in  some  elementary  treatises  of  mechanics,  published 
|)y  authors  of  reputation,  mistakes  which  are  very  plau- 
sible, and  mislead  the  learner.  It  is  there  said,  that  the 
press^re  at  B  from  a  weight  qnifonnly  diffused  along  AB 
is  the  same  as  if  it  were  collected  at  its  centre  of  gravity,' 
which  would  be  the  middle  of  A9 ;  and  then  the  strain 
^t  C  is  said  to  be  this  pressure  at  B  mqltipUed  by  BC, 
But  surely  it  is  not  difficult  to  see  the  difference  of  these 
strains.  It  is  plain  that  the  pressure  of  gravity  down^ 
wards  on  any  point  between  the  end  A  and  the  point  C 
has  no  tendency  to  diminish  the  strain  at  C,  arising  from 
the  upward  reaction  of  the  prop  B ;  whereas  the  pressure 
of  gravity  between  C  and  B  is  almost' in  direct  pppositioo 
to  it,  and  must  diminish  it.  We  may  however  avoid  the 
fluxionary  calculus  with  safety  by  the  consideraHon  of 
the  centre  of  gravity,  by  supposing  the  weighte  of  AC 
and  BC  to  be  collected  at  their  respective  centm  of  gra- 
vity ;  and  the  result  of  this  computation  will  be  the  same 
as  above;  and  we  may  use  either  method,  ^ilthough  tl(e 
^eight  is  not  uniformly  distributed,  provided  only  that 
^e  know  in  what  manner  it  is  distributed- 


lb  iiiTestigitadii  is  dvidentijr  of  importance  in  tii«  pnm 
lice  of  the  engineer  and  architect,  informing  them  irfaat 
fopport  18  Becessary  ia  the  different  parts  of  Ihair  con- 
iimctLona*  We  shall  consider  some  cases  of  this  kind  in 
tlie  article  Hoot bl  \ 

413.  It  is  now  easy  to  form  a  joist^  so  that  it  shall  baft 
the  same  relatite  strength  in  all  its  parts. 

I,  To  make  it  oquallj  able  in  all  its  parts  to  carry  a 
gifen  weight  laid  on  any  point  C  taken  at  random,  or  luu^ 
formly  diffiised  over  the  whole  lengthy  the  strength  of  the 
section  at  the  point  C  must  be  as  AC  x  CB.    Therefore,. 

I.  If  the  sides  are  paraltel  vertical  planes,  the  aqnare  of 
the  depth  (which  is  the  only  variable  dimensioD)  or  CD'^ 
must  be  as  AC  x  CB,  and  the  depUis  must  be  ordinate^  of 
an  ellipse, 

9'  If  the  transverse  sections  are  similar^  wt  most  makf 
CD'  as  AC  X  CB.  *  , 

f  3.  If  the  upper  and  under  surfaces  are  parallei^  th^ 
breadth  must  be  as  AC  x  CB.  > 

II.  If  the  beam  is  neeessarily  loaded  at  some  giren 
point  C,  and  we  would  have  the  beam  equally  able  in  aH 
its  parts  to^resist  the  strain  arising  from  the  weight  at  Q 
we  must  make  the  strength  of  every  transverse  sectioa 
between  C  and  either  end  as  its  distance  from  thatenik 
Therefore, 

,  1.  If  the  sides  are  paraUd  vertioal  planes,  we  must 
makeCD'>:EF'x:^AC:A£.  .; 

r    2.  If  the  aeetiotts  are  similar,  then  CD' :  EF'  ss  AC :  AE. 

3.  If  the  upper  and  under  surfaces  are  parallel,  tfaet% 
breadth  at  C  :  breadth  at  E  m  AC  :  AE.  '» 

.  414.  The  saole  principles  enaUe  us  to  determine  th^ 
strain  and  strength  of  square  or  tircnlar  plates,  of  diff^-. 
areat  entent,  but  equal  thickness.  This  may  be  oooqprUh 
Jbaaded  in  this  general  proposition. 

Similar  plates  of  equal  thickness  supported  all  toiind 
the  same  absolute  weighty  unsftimty  dbtri- 
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buted^  or  Kstiog  om  umilar  points,  whi^iever  is  fheir  te« 

tent. 

'  Suppose  two  rimiUr  oUoog  plates;  of  equal  thickness^ 
And  let  their  lengths  and  l^readths  be  L,  /,  and  B,  b.  Let 
their  strength  or  momentum  of  cohesion*  be  C,  c,  and  the 
•trains  from  the  weights  W^  to,  be  S,  s. 

Suppose  the  plates  supported  at  the  ends  only,  and  i^ 
aisthug  fracture  transverselj.  The  strains,  being  as  the 
weights  and  lengths,  are  as  WL  and  w  ly  but  their  cohe^ 
tion  are  as  the  breadths ;  and  since  thej  are  of  equal  re* 
lative  strength,  we  have  WL  :  id  /=  B:  fr,  and  WL b  ^ 
w  /  B  and  L :  /  =  ts  B :  W  i :  but  sincethey  are  at  simi- 
lar shapes  L :  2  =  B :  i,  and  therefore  w  =  W. 
'^  The  same  reasoning  holds  again  when  they  are  alsd 
supported  along  the  sides,  and  therefore  holds  when  they 
wfe  sujpported  all  round  (in  which  case  the  strength  is 
doubled).  ' 

t '  And  if  the  plates  are  of  any  other  figure,  such  as  circles 
or  ellipses,  we  need  only  conceive  similar  ractangles  in- 
icribed  in  them.  These  are  supported  all  round  by  the 
continuity  of  the  plates,  and  therefore  will  sustain  equd 
freights ;  and  the  same  may  be  sud  of ^  the  segments  which 
lie  without  them,  because  the  strengths  of  any  similar  seg*> 
aenti  are  equal,  their  lengths  being  as  their  breadths. 

Therefore  the  thickness  of  the  bottoms  of  vessels  hold- 
ing heavy  liquors  or  grains  should  be  as  their  diameters, 
and  as  the  square  root  of  their  depths  jointly. 
.  Also  the  weight  which  a  square  plate  will  bear  is  to 
Ihat  which  a  bar  of  the  same  matter  and  thickness  will 
bear  as  twice  the  length  of  the  bar  to  its  breadth. 
i  41&  There  is  yet  another  modification  of  the  strain 
<which  tends  to  break  a  body  transversely,  which  is  of  very 
frequent  occumence,.  And  in  some  cases  must  be  very  care^ 
fully  attended  to,  viz.  the  strain  arising  from  ita  owa 


^hqi  a  beam  projects  ^from  a  wall,  evitry^sactioii  h 
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straiqed  by  the  weight  of  all  thftt  proj^ets  bejp^d  it.  -^his^ 
may  be  considered  as  all  collected  at  its  centre  of  gravity; 
Therefore  the  strain  pn  any  section  ia  in  Ihe  joint  ration 

\  of  the  weight  qf  what  projects  beyond  it,  apd  ilfe  distance 
gf  Us  centre  of  gravity  from  the  section. 

416.  The  determination. of  this  strajn,  and  of  the 
strength  necessary  for  withstanding  it,  mpst.he  iporecQm-; 
plicated  than  the  former,  b^ause  the.  fonn  of  the  piece 

1  ^hich  results  from  this  adjastment  of  strain  and  s^ngth 
influences  the  strain.  The  general  principle  must  eyi- 
gently  be,  that  the  strength  or  momentum  of  cohesion  of 
f  very  section  must  be  as  the  proi)uc(  of  the  weight  be- 
yond it,  multiplied  by  the  distance  of  its  centre  of  gravity. 
Foreiampte:  /         ^  .; 

'  Suppose  the  beam  DLA  Fig.  17.  to  project  froin  the 
wall,  and  that  its  sides  are  paral(el  vertical  planes,  so  that 
the  depth  is  the  only  variable  dimension.  Let  LB  =  x 
and  B  &  ==  ^.  The  element  B  be  C  is  =yx.  Let G be 
the'centre  of  gravity  of  the  part  lying  without  B  &,  and  g 
be  its  distance  from  the  extremity  L.  Then  x  — -^.  is  the 
arm  of  the  leyer  by  which  i\ke  strain  is  excited  in  the 
aeption  B  b.    Let  B  &  or^  be  as  soipe  power  m  of  LB ; 

that  is,  let  ^  =3  x^.    Then  the  contents  pf  L  B  i  » -• 

.J  '    * 

.^he  momentum  of  gravity  round  a  horizontal  a^ifi  at  L 

iajfxx  =  x^^^i^  and  the  whole  momentum  round  th^ 
%xis  is  - — -.  The  distance  of  the  centre  of  gravity  from 
L  is  had  by  dividing  thi^^omentuni  by  the  whole  weighty 

which  is -.     The  quotient  or  ^  is — •    And  the 

.distance  of  the  centre  of  gravity  from  the  section  B  b 

the  strain  on  the  section  3  &  U  had  by  mnilipiying,  — -- 
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by  — ^-    Th6  product  is  -- — — — ==•    This  must  be  as 

fbe  square  of  the  depth,  or  as^^.  Buty  is  as  x»^^  andy^ 
as  x*^:  Therefore  we  have  m+2^9my  and  ia=2;  that 
is,  the  depth  must  be  as  the  square  of  the  distance  from 
ihe  extreifiity,  and  the  curve  L  £  A  is  a  parabola  touch- 
injf  the  horissontal  line  in  L. 

417.  It  is  easj  to  see  that  a  conoid  formed  by  the  rO" 
tation  of  this  figure  round  DL  will  also  be  equally  able 
in  every  section  to  bear  its  own  weight 

^  We  need  not  prosecute  this  farther.  When  the  figure 
of  the  piece  is  given,  there  is  no  difficulty  in  finding  the 
strain ;  and'  the  circumstance  of  equal  strength  to  resist 
this  strain  is  chiefly  a  matter  of  curiosity. 

418.  It  is  evident,  from  what  has  been  already  said, 
that  a  projecting  beam  becomes  less  able  to  bear  its  own 
weight,  as  it  projects  farther.  Whatever  may  be  the 
strength  of  the  section  DA,  the  length  may  be  such  that 
it  will  break  by  its  own  weight.  If  we  suppose  two  beanii 
A  and  B  of  the  same  substance  and  similar  shapes,  that 
is»  having  their  lengths  and  diameters  in  the  same  pro- 
portion ;  and  farther  suppose  that  the  shorter  can  just 
bear  its  own  wdght ;  then  tbe  longer  beam  wiH  90!  be 
a;ble  to  do  the  same :  For  the  strengths  of  the  sections  are 
as  the  cubes  of  the  diameters,  while  the  strains  are  as  tbe 
Uquadrates  of  the  diameters ;  because  the  weights  are  as 
tbe  cubet »  an4  the  levera  by  which  these  weights  act  in 
producing  the  strain  are  as  the  lengths  or  as  the  diame- 
ters. ^• 

419.  These  considerations  snow  ua,  that  in  all  cases 
where  the  strain  is  affected  by  the  weight  of  tbe  parts  of 
the  machine  or  structure  of  any  kind,  the  smaller  bodies 
are  more  able  to  withstand  it  than  the  greater ;  and  thene 
seems  to  be  bounds  set  by  nature  to  the  si^e  of  machines 
constructed  of  any  given  materials.  Even  when  the 
weight  of  the  parts  of  the  machine  is  not  taken  into  die 


#TRBNGTH  OP  MATBBiAt4l.  4M1 

«c0f  ufttf  we  camKit  enlarge  tbem  ia  the  tame  pn9i|K>vtkHi 
IB  all  their  parts.  .Thus  a  8team«enguie  cannot  be  doubled 
in  all  ita  parts,  so  as  to  be  still  efficient.  The  pressure 
on  the  piston  is  quadrupled.  .If  the  lift  of  the  pump  be 
idao  doubled  in  height  while  it  is  doubled  in  diametery 
the  load  wiU  be  increased  eight  times,  and  will  therefore 
exceed  the  power.  The  depth  of  lift,  therefi>re,  must 
remain  unchanged ;  and  in  this  case  the  machine  will  be 
<if  the  same  relative  strength  as  before,  independent  of  its 
own  weight.  For  the  beam  being  doubled  in  all  its 
dimensions,  its  momentum  of  cohesion  is  eight  times 
greater,  which  is  again  a  balance  for  a  quadruple  load 
acting  bj  a  double  lever.— But  if  we  now  consider  the 
Increase  of  the  weight  of  the  machine  itself,  which  must 
1>e  supported,  and  which  must  be  put  in  motion  hj  the 
Intervention  of  its  cohesion,-  we  see  that  the  large  machine 
js  weaket  and  less  efficient  than  the  small  one. 

There  is  a  similar  limit  set  by  nature  to  the  uze  of 
plants  and  animals  formed  of  the  same  matter.  The  co- 
hesion of  an  herb  could  not  support  it  if  it  were  increased 
to  the  size  of  a  tree,  nor  could  an  oak  support  itself  if  40 
or  50  times  bigger,  noi^  could  an  animal  of  the  make  of  a 
long-legged  spider  be  increased  to  the  size  of  a  man ;  the 
articulaitions  of  its  legs  could  not  support  it 

420.  Hence  may  be  understood  the  prodigious  superi- 
^ty  of  the  small  animals  both  in  strength  and  agility. 
A  man  by  faRing  twice  his  own  height  may  break  his 
^firmest  bones.  A  mouse  may  fall  20  times  its  height 
without  risk ;  and  even  the  tender  mite  or  wood-louse 
may  fall  unhurt  from  the  top  of  a  steeple.  But  their 
greatest  wperfority  is  in  respect  of  nimbleness  and  ag!« 
ttty.  A  flea  can  leap  above  500  times  its  own  length, 
while  the  strength  of  the  human  muscles  could  not  raise 
'the  trunk  from  the  ground  on  limbs  of  the  same  construe 
tiott. 

The  angular  motions  of  smcdt  animals  (in  which  €on« 


0 

^iflte  their  ntmbleness  or  agility)  must  be  greats  thM 
itbose  of  large  animals,  supposing  the  force  of  the  miisdlfr- 
'iar  fibre  to  be  the  same  in  both.  Fcft  supposing  them 
'similar,  the  number  of  equal  fibres  will  be  as  the  square 
«of  their  linear  dimensions ;  and  the  levers  bj  whidi  they 
'act  lEure  as  their  linear  dimensions.  The  energy  tberefoire 
>bf  the  moving  force  is  as  the  cube  of  the^e  dimensions. 

%ut  the  momentum  of  inertia,  or  /p  r^,  is  aft  the  4tfi 

j»ower:  Therefore  the  angular  velocity  of  the  greater 
.animals  is  smaller.  The  number  of  strokes  which  a  fly 
makes  with  its  wings  in  a  second  is  astonishingly  great ; 
jet,  being  voluntary,  they  are  the  effects  of  its  agility.  [ 
^  We  have  hitherto  confined  pur  attention  to  the  sim- 
jplest  form  in  which  this  transverse  strain  can  be  produ- 
ced. This  was  jquite  sufiicient  for  showing  us  the  mecha- 
nism of  nature  by  which  the  strain  is  resisted ;  and  a  very 
^slight  attention  is  sufficient  for  enabling  us  to  reduce  to 
this  every  other  way  in  which  the  strain  6an  be  pro- 
duced. We  shall  not  take  up  the  reader^s  time  with 
.the  application  of  the  same  principles  to  other  cases  of 
this  strain,  but  refer  him  to  the  article  Roofs.  In 
^that  article  we  have  shown  the  analogy  between  the 
strain  on  the  section  of  a  beam  projecting  from  a  wall  and 
loaded  at  the  extremity,  and  the  strain  on  the  same  sec- 
tion of  a  beam,  simply  resting  on  supports  at  the,  end^ 
.and  loaded  at  some  intermediate  point  or  points.  The 
atrain  on  the  middle  C  of  a  beam  AB  Fig.  18.  so  sup- 
.ported,  ari^iqg  from  a  weight  laid  on  there,  is  the  saqie 
.with  the  strain  which  half  that  wefigbt  hanging  at  B 
would  produce  on  the  same  section  C  if  the  other  end  of 
the  beam  wete  fixed  in  a  wall.  If  therefore  1000  pounds 
hung  on  the  end  of  a  beam  projecting  10  feet  from  a  wajl 
will  just  break  it  at  the  wall,  it  will  require  4000  poun4i 
on  its  middle  to  break  the  same  beam  resting  on  two  pro||i 
10  feet  a?und^r.    W^  have  abp  shown  in  that  articla-ihc 
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MMitfooal  stretiglb  whicli  will  be  given  to  tlid  beam  by 
extending  both  end&  beyond  the  props,  and  there  framing 
it  firmly  into  other  pillarg  or  supports. 

4S1.  We  can  hardly  aiid  ai^y  thing  to  what  has  been 
said  in  that  article,  except  a  few  observations  on  the  ef*> 
fects  of  the  obliquity  of  the  external  force.    .We  have 
bitherto  supposed  it  to  act  in  the  direction  BP  Fig.  4. 
perpendicular  to  the  length  of  the  beam*.     Suppose  it  to 
«ct  in  the  direction  BB%  oblique  to  BA.     In  the  article 
Aoor  we  supposed  the  strain  to  be  the  same  as  if  the  force 
p  acted  at  the  distance  AB',  but  «till  perpendicular  to 
AB :  so  it  is.    But  the  strength  of  the  section  A  a  ia  not 
the  same  in  both  cases ;  for  by  the  obliquity  of  the  action 
the  piece  DCKa  is  pressed  to  the  other.    We  are  not 
:8ufficiently  acquainted  with  the  corpuscular  forces  to  say 
precisely  what  will  be  the  effect  of  the  pressure  arising 
from  thb  obliquity ;  but  we  can  clearly  see,  in  general, 
that  the  point  A^  which  in  the  instant  of  fracture  is  neb> 
ther  stretched  nor  compressed,  must  now  be  farther  up, 
or  nearer  to  D ;  and  therefore  the  number  of  particles 
•which  are  exerting  cohesive  forces  is  smaller,  and  there- 
.fore  the  strength  is  diminished.    Therefore,  when  we 
endeavour  to  proportion  the  strength  of  a  beam  to  th^ 
strain  arising  from  an  external  force  acting  obliquely^  we 
make  too  liberal  allowance  by  increasing  this  external 
fbrce  in  the  ratio  of  AB  to  AB'.    We  acknowledge  our 
inability  to  assign  the  proper  correction^    But  this  cit- 
cttmstance  is  of  very  great  influence.    In  many  machined, 
and  many  framings  of  carpentry,  this  oblique  action  of 
the  straining  force  is  unavoidable ;  and  the  most  enor- 
mous strains  to  which  materials  are  exposed  are  generally 
of  this  kind.     In  the  frames  set  up  for  carrying  the  ring- 
,  Stones  of  arches,  it  is  hardly  possible  to  avoid  them :  for 
.  glthpMgh  the  judicious  engineer  disposes  his  beams  so  as 
.to  sustain  only  presj5^r^s  in  the  direction  of  their  lengths, 
teii<|u)g  either^  tQ  crusfb  th^m  oy  to  teac.them  a^undcr^  it 
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frequently 'tappeii9  tbat»  by  tbe  aettling  of  Ae  troiSct 
4be  pieces  come  to  cheek  imd  bear  oa  eecb  other  tram*' 
Tersely^  tending  to  break  each  other  aeroae.  This  vre 
kave  rentmrked  upon  in  the  article  Boort^  with  respect 
lo  a  trui6  by  Mr  Price.  Now  whea  a  croes  strain  U 
#  ihuB  combined  with  an  eoormotis  prestuce  in  the  direc- 
tion of  the  length  of  the  beam^  it  is  in  the  utmost 
danger  of  snapping  suddenly  across.  This  is  one  gneat 
cause  of  the  carrying  away  of  masta.  Tliey  are  conni- 
pressed  in  the  direction  of  their  length  by  the  united 
ftrce  of  the  shrouds,  and  in  this  state  the  transTecse  ac- 
tion of  Uie  wind  soon  completes  the  fracture. 

422.  When  considering    the  compressing   strains  to 
which  materials  are  exposed»  we  defierred  the  discnssion 

m-  ^  i>f  the  strain  on  colunms,  obsenring  that  it  was  not,  in 
the  cases  which  usually  occur,  a  simple  compression,  hU 
.was  combined  with  a  transverse  strain,  arising  from  the 
^  bending  of  the  colnmn.  When  the  column  ACB  Fig.  19. 
resting  on  the  ground  at  B,  and  loaded  at  top  wkk  a 
.weight  A,  acting  in  the  rertical  direction  AB,  is  best 
into  a  curve  ACB,  so  that  the  tangent  at  C  is  perpends* 

;.  /cular  to  the  horisoo,  its  condition  somewhat  resemUas 

that  of  a  beam  firmly  fixed  between  B  and  C,  and  strmig- 
ly  pulled  by  the  end  A,  so  as  to  bend  it  between  C  and 
A.  Although  we  cannot  conceive  how  a  force  acting  on 
a  straight  column  AB  in  the  direction  AB  can  bend  it, 
we  may  suppose  that  the  force  acted  first  in  the  horiaon- 
lal  direction  A  &,  till  it  was  bent  to  this  degree,  and  that 
the  rope  was  then  gradually  removed  from  the  directioii 
A  ft  to  the  direction  AB,  increasing  the  fiirce  as  mnoh 
as  is  necessary  for  jM^eserving  the  same  quantity  6f 
flexure, 
a  4S3.  The  first  author  (we  believe)  who  considered  fMs 

'important  subject  with  scrupulous  attention  was  thece- 
Jebrated  Euler,.  who  published,  in  the  BetKn  Memoir 
for  1757,  bis  Theoiy  of  the  Strength  of  Columnsa    The 


gtfB«ral  propoflkioB  •staftltabcd  I17  thia  thaoiy  ii^  tlttt  Hkm 
•irsngtli  of  prismatioal  colufiUM  h  in  tbc  direct  quadm^ 
plioite  tatio  at  thdr  diaiiitter%  and  the  iavene  duplitelii 
ratio  of  tbeir  laagtbs.  Ht  proaecuttd  tUs  aul^ect  in  tb# 
Petenlmrgh  Comneatariet  for  1778,  c<i«inniag  bii  far** 
user  tbiory  •  We  di»  not  find  tbat  any  cAhcr  autfcor  ba^ 
bestowed  asuch  attention  on  it,  all  aaeming  to  aeq«iesMi 
ii^  (he  dotepminatkNit  of  Enkr,  and  to  (MMmder  the  fob* 
joet  at  of  very  great  diBculty,  requiria^  tha  appDoatioft 
of  the  Meat  refined  matheniatica  MoBohenbroek  h^a 
oompareit  the  theory  with  experiaMqt;  bqi  the  comp^ 
rison  boa  boeii  vary  uatatiafactoty,  the  dtfieranoe  fima 
the  theoay  being  90  anomoos  aa  to  afford  no  arginnent 
for  ita  juataeia.  But  the  exparibianla  do  n^t  doatradiet 
It,  lor  tbey  are  so  anomaloua  m  to  Utmd  no*  eooalnsiao 
or  geaorai  n)la  wbaferer^ 

To  say  the  truth,  t&e  theory  tas  be  eoiisidered  i^  no 
other  light  than  as  a  speoinieii  of  higeniooa  and  vaiiy  art« 
fti)  atgehraje  analysis.  Kttl^r  w«  mnqoeatiofiaibly  the  firsi 
analyst  in  Ear^po  for  resoinroo  and  adttfeess^  He  knew 
this,  and  eirjeyed  bis  soperiorily,  and  without  scmptf 
admitted  any  physical  assumptieaa  which  gave  him  an 
opportantty  of  ^splaying  his  sltiik  The  inooosistaney 
of  bis  assamptioits  with  the  lEoown  laws  of  maahamsoa 
gBfwhim  no  eoneern ;  and  when  Ms  algebraio  processes 
lod  him  to  any  comriusiDn  whieh  would  'make  hia  readers 
atara,  hwag  contrary  to  all  our  niool  noii4>iM,  he  fhmkly 
owned  the  paradox,  but  wetit  on  iu  his  analysiii,  wyiog^ 
^  Ski  asmfyn  mt^  ^/Usaduai^^  Mr  Robins  has  gvren 
aome  very  visibla  iitstaMces  of  thb  coafidsnee  in  his  aaa^ 
lysis.  Nay,  so  fond  was  he  of  this  kind  of  amnsaBOcnt^ 
that,  after  having  published  an  unteqoUo  Theory  of  Li|^ 
and  CetMrs,  he  puUishad  several  memoirs,  eaiplaiiiing 
the  abenaiion  of  the  heavily*  bodies,  and  deducing  soma 
vary  wondevftil'  consequencas,  ftdly  oanfirmed  by  expe* 
riance^fiom^tho  Newtonian  prinoiples,  whiok  wer^  oppo* 

TOIii  1.  So 
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Me  And  totalljr  incpniristeiit  with  btt^WB:.t]ieoryy^Biereif 
becansethe  Newtonian  tbeorjr  gai^luiii  <<  eoea«uMMipi  ona- 
^f§e6$ promop^ndtt.^  ^Wfi-sre  jthus  levere  inotnr.obMrrl^ 
lions,  because  bis  ibeoiy  of  the  strength  of  columns  is 
one  of  the  strongest  instenees  of  UiM:  ipranton  kind  of 
procee£ng,  -  and  because  his  Ibllowiers  in  the  Ac^demjr  of 
St  Petersborghy  such  as  Mr  Fuss,  Lezdl,  and  others; 
adopt  his  condusioos,  and  merely  echo  his  words.  We 
are  not  a  little  surprised  to  see  Mr  Emerson,  n  considerr 
aUe  mathematician,  and  a  man  of  veiy  independent 
spirit,  bastiijr  adopting  the  same  theorj,  of  which  we 
doubt  not  but  our  readers  will  easily  see  the  falsitjr. 

Euler  considers  the  cdumn  ACB  Fijg.  19.  A  in  a  condi* 
tion  precisely  simiUr  to  that  of  an  elastic  rod  bent  into  the 
curfe  by  a  cord  ABcosmacting  its  extremities.  In  (his  he 
is  not  mistaken.  But  he  then  ds^ws  CD  perpendietdar  to 
AB,  alid  cbntiders  the  strain  on  the  section  C  as  equal  to 
the  momentum  or  mechanica^  energy  of  the  wei^t  A 
acting  in  the  direction  OB  upon  the  lever  » c  D,  mote- 
able.round  the  fulcrum  c,  and  tending  to  tear,  asunder  the 
partides  which  cohere  along  the  section  eCs.  This  is 
the  same  principle  (M  Euler  admits)  employed  by  James 
Bjarnoulli  in  his  investigation  of  the  elastic'  cunre  ACB. 
Euler  con4lder9  the  strain  on  the  section  c  »  ^a  tfie  same 
with  what  it  would  sustam  if  the  same  power  acted  in 
the  horiaontal  direction  £F  on  e  point  £  as  far  ranoved 
from  C  as  the  point  D  is.  We  have  reasoned  in  the  same 
mannef  (as.  has  been  observed)  in  the  article  Boots* 
where  the  obliquity  of  action  was  inconsiderable.  But  in 
the  present  case,:  this  substitution  leads  to  the  greatest 
inistakes,  and  has  rendered  the  whole  of.  this  theory  fislse 
and  useless.  It  would  be  just  if  the  column  were  of  ma- 
terials which  are  incompressible.  But  it  is  evident,  firom 
what  has  been  said  above,  that  by  the  compression  of  the 
parts  the  real  fulcrum  of  the  lever  shifts  away  firom  the 
point  c,  so  much  the  more  ai  the  compression  is  greater. 
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tn  tli6  great  eomj^^olis  of  Iteded  columns^  and  -  tbe 
atmoit  miaieftsttrabie  tompresi^oiis  et  the  truss  beama  ia 
the  eentres  of  fiddg^es,  an^  othef  dases  of  chief  import- 
ant, the  fttlerufii  Is  shifted  far  or^  towards  »,  so  that 
Terjr  few  fibres  resist  the  fracture  by  their  cohesion ;  and 
these  few  have  a^ery  feeble  energy  or  momentum,  on 
account  of  the  short  arm  of  the  lever  by  which  they  act* 
This  is  a  most  im}iorti|nt  consideration  in  oarpentry,  yet 
it  mokes  no  element  of  Enler^s  theory.  The  consequence 
of  this  is,  that  a  very  small  degree  of  curvature  is  suffix 
cient  to  cause  the. column  or  strutt  to  snap  in  an  instanty. 
as  is  well  known  to  every  esperknoed  carpenter.  The 
experiment  by  Mnschenhroek,  -which  Euler  makes  use  of. 
in  order  to  obtain  a  measUk^'of  atiMgth  in  a  particular 
instance,  frofti  which  he  might"  deduce  alL  others  by  his 
theorem,  is  an  incontestiblt' proof  of  this*  The  forca 
which  broke  the  column  is  not  th^  twentieth  port  of  what 
18  necessary  for  breaking  it  by  actai^  at  £  in  the  direC'i 
tion  £F.  Euler  t^es  no  notice  of  thb  immense  disere* 
panqr,  because  it  must  have  caused  him  to  abapdon  the 
speculation  with  which  he  was  then  onmsing  himself* 

484.  We  cannot  find  room  at  present  to  enter  minute^ 
ly  upon  the  refutation  of  this  theory ;  but  we  can  easily, 
diow  its  uselestness^  by  its  total  inconsistenqr  with  com« 
mon  observation.  It  results  legitimately  from  this  theory^ 
that  if  CD  have  no  magnitude^  the  weight  A  can  have 
no  momentum,  and  the  colunim  cannot  be  broken.  True, 
it  cannot  be  broken  in  this  way,  snapped  by  a  trans*. 
verse  fracture,  if  it  do  not  bend ;  but  we  know  very  well 
that  It  con  be  crushed  or  crippled,  and  we  see  this  fre* 
quently  happen.  This  circumstance  or  event  does  not 
enter  into  Euler^s  investigation,  and  therefore  the  theory 
is  imperfect  at  least,  and  useless.  Had  this  crippling  been 
introduced  in  the  form  of  a  physical  assumption,  every 
topie  of  reasoning  employed  in  the  process  must  have 
been  laid  asidey  as  the  intriligent  reader  will  easily  see^ 
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But  the  thtorjF  is  not  onlj  imperfeot,  ^t  fake.  The  6r^ 
dintrj  reader  will  he  conviiieed  of  this  bj  another  le« 
gltiiqatc  oonteqaenee  of  it.  Fig.  90,  is  the  fame  with 
Tig.  106.  of  Eamar$ofiC$  MtekamtSy  where  thii  subject  i# 
treated  on  Suler'^s  principles,  and  represents  a  erooked 
piece  of  matter  resttng  on  the  ground  at  F,  and  loaded  at 
A  with  a  weight  acting  in  the  vertical  direction  AF.  It 
nesplta  froMi  Eulet^  theory  that  the  ^trains  at  i,  B,  D, 
E,  be,  are  as  ft  c,  BC,  DI,  EK,  fca  Therefore  the  strains 
at  O  and  H  are  nothing ;  and  this  is  asserted  by  Emer- 
i|on  and  Euler  af  a  serious  truth ;  and  the  piece  may  be 
thinned  ad  ifffimhtm  in  th^e  two  places,  or  even  cut 
through,  without  any  diminutioB  of  its  strength.  The 
absurdity  of  this  assertion  strftes  at  first  hearing.  Eider 
asaevts  the  same  thing  with  respect  to  a  point  of  contrary 
flexure.   Farther  discussioq  b,  we  apprehend,  needless. 

495.  Thi^  theory  must  therefoft  be  given  up.  Yel 
these  dissertations  of  Euler  in  the  Petcrsburgb  Comment, 
taries  deserve  a  perusal,  both  as  very  ingenious  specimens 
of  analysb,  and  because  they  contain  maxims  of  practice 
which  are  important.  Afthough  they  give  an  erroneous 
nMasure  of  the  eompafative  strength  of  columns,  they 
show  the  immense  importance  of  preventing  aU  bendinga, 
and  point  out  with  acenra<rf  where  the  tendenmes  to  boid 
are  greatest,  and  how  this  may  be  prevented  by  very 
smaH  forces,  and  what  a  prodigious  accession  of  foreo 
this  gives  the  column.  There  is  a  valuable  paper  in  the 
same  volume  by  fuss  on  the  Stratm  on  Jraanti  Carpentfyy. 
which  may  also  be  read  with  advantage. 

4S&  It  will  now  be  asked,  what  shall  be  substituted  io 
place  of  this  erroneous  theory  P  What  is  the  true  propor<- 
lion  of  the  strength  of  columns  ?  We  acknowledge  our 
mability  to  g^ve  a  satisfactory  answer*  Such  can  be  ob- 
tein^d  only  by  a  previous  )cnowledge  of  the  proportion 
between  the  extensions  and  compreiisions  produced  by 
equal  forces,  by  the  knowledge  of  the  absoluto  emnpres* 
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•ioAt  prtdttttUe  by  a  giVen  fohrt,  dild  b/  a  ftnolrledge  of 
tbe  degree  of  that  deraDgenltot  of  parts  which  ii  tehnM 
erippliilg*  Thete  cirdikmitattces  are  but  iktipeHi^ctiy 
known  to  tii»  and  there  liei  before  us  il  wide  fl*ld  of  ex^ 
perimeatal  inquiry^  FortonHtdy  th^  forte  requisite  fo# 
crippling  a  beam  is  prodigious,  and  a  very  small  lateral 
support  is  sufficient  to  prevent  that  bending  which  puts 
the  beam  in  imminent  danger.  A  judicious  efl^n^t  Will 
alwajs  employ  transv^se  bridle!s,  as  th^y  are  called,  to 
stay  the  middle  of  loilg  beaikii)  which  are  etnpldyed  as 
pillars,  itrutts,  or  truss  b^amb,  and  are  elKpds^d^  by  their 
position,  to  enormous  pressures  in  the  direction  ot  their 
lengths.  Such  stays  may  be  obs^rvedj  disposed  wtth 
great  judgment  iMd  ^conbmy,  in  the  c^nt^eb  employed 
by  Mr  Perronet  in  the  erection  of  his  gr^at  stone  Arches. 
He  was  obliged  to  correct  this  omission  mad^  by  his  in- 
genious predM^Mor  in  the  beautiful  cehti^s  of  the  bridge 
of  Orleans,  which,  wel  have  no  hesitatioil  in  Affirming  to 
be  the  finest  piece  of  carpenti'y  in  tht  world. 

It  only  refttafad*  on  this  beild  to  c&tiSpaie  iheai  thtore- 
tical  deductions  with  experiment. 

427.  Experiments  on  the  tTansverie  strength  of  bodies 
are  easily  madei  and  atcordingly  at^  vefj  nirriefoiis, 
especially  those  made  on  tinlber,  which  is  the  casA  most 
common  and  most  interesting.  Bat  in  this  great  num- 
ber of  experiments  ther€  ikte  itty  feW  from  lel^icl  W ^  dan 
draw  much  practical  information.  l*he  experiments  hdve 
in  general  been  made, on  sudh  small  scantlings,  that  the 
unavoidable  natural  ii^equalities  betfr  too  gftdt  a  jUrop^r- 
tion  to  the  strength  6f  the  whole  piecd.  Accordingly, 
when  we  compare  the  experiments  of  SfSkretA  attthoTs, 
we  find  them  differ  ^ormotslyi  and  eteil  the  expeki- 
ments  by  the  same  aluthor  are  tet*y  ahomailous.  Ilie 
compietest  series  that  we  have  yet  seen  is  that  detailed 
by  Belidor  in  Us  Seiam  rfst  /i^4im«rs.  They  artf  «bn. 
tained  in  the  fWowini;  table.    The  pteees  were  mmiA$ 
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tTen^gniDed' oA.  The  column  b  coDtains  the  hrtadtha 
of  the  pieces  in  inches ;  the  cdumn  d  contuns  their 
depths  ;  the  column  I  contains  their  lengths ;  cokina  p 
contains  the  weights  (in  pounds)  which  broke  thrai  when 
hung  on  their  middies ;  and  m  is  the  ioolnmn  oi  avecagea 
or  mediums. 
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18 
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5 
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I 
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6 

1 

1 
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9W 
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• 
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' 

1550 

7 

2 

9 

86 

1620 

1585 

1585 

1665 

8 

H 

«f 

86 

1675 

1660 

• 

1640 

The  ends  lyiiig  loose. 


The  ends  firmly  Sk€4»: 


•  ♦ 


Jj(M^ 


IJoose, 


Fixed* 


Loose* 


Loose* 


408.  By  comparing  Experiments  1st   and.  Sd,   the 
itrCDgth  ai^peaif  projportional  to  the  breadth* 
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IiS]p9fittt0ts.  Sd  and  4tli  shew  die  strength  propor- 
liowd  to  the  square  of  the  depth. 

SaqfMriments  1st  and  i»th  shew  the  strength  nearly,  in 
the  inverse  proportion  of  the  lengths^:  but.  with  a  sensible 
4eftciency  in  tb«.  longer  pieces. 

' .  Experiments  Sth  and  7th  shew  the  strengths  propoi:- 
iional  to  the  breadths,  and  the  square  of  the  depth. 

Experiments  1st  and  7th  shew  the  same  thing,  eoni« 
4X>unded  with  the  inverse  proportion  of  the  length :  the 
deficiency  relative,  to  the  length  is  not  so  remarkable 
here. 

Eqieriments  Ist  and  2d,  and  experiments  5th  and  6th, 
idiew  the  increase  of  strength,  by  fastening  the  end^  to 
be4n  the.  proportion  of  8  to  3.  The  the<)rj  .gives.. the 
proportion  of  2  ta  4.  But  a  difference  in  the  manner  of 
•fixing  may  produce  this  deviaUon  from  the  theory,  which 
-ojoij  supposed. -tbem  to.  be  held,  down  at  places  beyond 
the  props,  as  when  a  joist  is  held  in  the  walls,  and  also 
rests  on  two  pillars  between  the  walls.  (See  what  is  said 
on  this  subjecl  under  the  article  Roof.) 

The  chief  source  of  irregularity  in  such  experiments  is 
the  fibrous,  or  rather  ptattd  texture  of  timber.    It  con- 
^ista  of  annual  .additions^  whose  cohesion  with  each  other 
is  vastly  weaker  than  that  of  their  own  fibres.    Let  Fig. 
21.  represent  the  section  xst  a  tree,  and  ABCD,  abed 
Ahe  section  of  t^isp  battens  that  are  to  hfi  cut  out  of  it  for 
experiment,  and  let  AD  and  a  d  be  the  depths,  and  DC, 
d  c  the  breadths.    The  batten  ABCD  will  be  the  strong, 
.est,  for  the  same  reason  «4bat  an  assemblage  of  planks  set 
edgewise  will  form  a  stronger  joist  than  planks  laid  above 
•each  other  like  the  plates  of  a  coach^spring.    Mr  Buffon 
ibund  by  many  trials  that,  the  strength  of.  ABCD  was  to 
that  of  a  &  c  d  (in  oak)  nearly  as  8  to  7.    The  authors  of 
-the  different  experiments  were  not  careful  that  their  bat- 
tens had  their  plates  all  disposed  siipilarly  with  respeq^t 
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to  the  stftis.  But  iren  with  thii  pteona^Am  tlicjr  wnuld 
not  bare  afforded  sure  grounds  of  compntation  ftr  large 
works ;  for  great  beains  oceupjr  miioh,  If  not  the  whole, 
of  the  Boettoa  of  the  treat  ftud  bom  this  it  has  happened 
that  their  strength  is  less  than  in  proportion  to  that  of  a 
eniidl  lath  or  hatteii.  In  short,  we  oan  trust  no  experi* 
ments  but  iuoh  as  hata  been  inado  on  krgc  beamt. 
These  must  be  vety  rare,  fhr  thof  aM  most  e^Hrnsive 
and  laborioai)  and  atoeed  the  abilities  of  most  of  those 
who  are  disposed  to  study  this  matter. 

But  we  are  not  wholly  without  such  authority.  Mt 
Bofibn  and  Mr  Du  Hamel,  two  ^  the  fii«t  philosophers 
and  mechanieiaoi  of  the  age,  were  directed  by  goforlfri* 
Mient  to  make  experiments  on  thb  subf  ect,  and  were  aup* 
plied  with  Mkiple  funds  and  apparatns.  The  rahilion  of 
their  experiments  ii  to  be  fi>ttnd  in  the  Mamoira  of  the 
Fmieh  Aeademy  for  1740, 1T41, 17M,  I76S ;  as  also  in 
Dtt  HameTs  taloable  performnnces  sar  VEtfhiMmi  det 
Jrin9y  tiiwtU C<M9erfmHmi  H  k  Tf«iMj»art de Bm-  We 
earnestly  recommend  these  dissertations  to  the  pennal  of 
our  readers,  as  containing  much  useM  information  reU- 
ti?e  to  the  strength  of  timber,  and  the  best  methods  itf 
employing  it.  We  shall  here  give  an  ahattaat  of  Mr  But- 
fon^s  experiments. 

489.  He  relates  a  gr^at  number  which  he  had  profeOp 
euted  during  two  years  on  nnall  battens.  He  foiuid  thot 
the  odds  of  a  single  layer,  or  part -of  a  kyer,  mare  or 
less,  or  even  a  different  disposition  of  them,  had  sueh  in** 
ihience  that  he  was  obliged  to  abandon  this  method^  ted 
to  hare  recourse  to  the  largest  beams  that  he  was  able  to 
break.  The  following  table  exhibits  one  series  of  expo* 
liments  on  bars  of  sound  oak,  clear  of  knots,  and  four 
inches  square.    This  is  a  ftpecimen  of  all  the  rest 

Column  Ist  is  the  kngth  of  the  bar  hi  foet  ekar  h$^ 
tif  trn  the  sup^rts. 
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Cobimii  8d  is  the  weight  of  the  btf  (the  second  day 
after  it  was  ftiled)  in  pdiinds.  Two  bars  were  tried  of 
each  length.  Badi  of  the  first  three  pairs  consisted  of 
two  cuts  of  tihe  sam^  tree.  The  ohe  hext  the  root  was 
alwajs  found  the  heaviest,  stiifest,  and  stnmgesL  In- 
deed Mr  Buffon  says  that  this  was  intariaolj  true,  that 
the  heaviest  was  alwaji  the  sk'ongeiti  atod  he  recom- 
mends  it  as  a  cetUili  or  suri^  rule  fof  the  choice  of  tim- 
ber.  He  finds  tbit  this  is  always  the  <^ase  When  the  tim* 
ber  has  grown  vlgofouily,  fbrming  very  thick  annual  lay. 
ers*  But  he  also  observed  that  thts  is  only  during  the 
advances  of  the  tree  to  maturity )  for  the  strength  of 
the  different  circles  i^proaches  gradtiAlly  to  equality  du- 
ring  the  tree^s  healthy  growth,  and  then  it  decays  in  these 
parte  in  •  contrary  order.  Oar  toolmakers  assed  the 
aanle  tUag  with  respent  to  beech :  yet  a  contrary  opinion 
ia  tery  prevalent)  and  wood  with  a  fine^  that  is,  a  smal! 
grain,  is  frequently  preferred.  Perhaps  no  person  ban 
•var  made  the  trial  with  saeh  minuteness  as  Mr  Buffotoi 
and  we  think  that  much  deference  is  due  to  his  opi*' 
nion. 

Ck>lttmn  Sd  if  the  number  of  pounds  necessary  for 
breaking  the  tree  in  the  course  of  k  few  minutes. 

Column  4th  ii  the  inched  which  it  beiit  down  befbre 
bueaking. 

ColoiuD  Ath  li  tbe  tbfte  M  which  it  brok^. 
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68 
63 
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77 
71 
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82 
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100 
96 


S 


5850 
5275 


iGOO 
4500 


4100 
S950 


9625 
S600 


S050 
2925 


8,5 


8,75 
4,7 


4^85 

5,5 


5y8S 

6,5 


7, 
8, 


29' 
22 


15 
18 


14 
12 


15 
15 


Ttie^ezperiments  on  other  sises  were  made  in  the  Mne 
maj.  A  pair  at  least  of  each  ieDgth  and  sise  wa3  takens* 
The  mean  resuHs  are  contuned  in  the  following  tdbia 
The  beami  ipere  all  square,  and  their  sises  in  inchea  are 
placed  at  the  head  of  the  oolamns,  and  their  lengtbi  in 
feet  are  in  the  first  cohmm. 


4 

5  ■ 

6 

'■■■Y 

8 

A 

7 

581? 

11525 

18950 

82200 

47649 

11525 

8 

4550 

9787 

15525 

26050 

39750 

10085 

9 

4025 

8908 

18150 

22850 

82800 

8964 

10 

8612. 

7125 

11210 

19475 

27750 

.8068. 

12 

2987 

6075 

9100 

16175 

23450 

6728 

14 

5800 

7475 

13225 

19775 

5763 

16 

4850 

6862 

11000 

16875 

5042 

18 

8700 

5562 

9245 

18900 

4482 

20 

8225 

4950 

8874 

11487 

4034 

22 

2975 

3667 

24  1 
28  1  ^ 

2162 

3362 

I  1775 

2881 

Mr  Bufibn  had  found  by  numerous  trials  that  oak-tim- 
her  lost  mueh  of  its  strength  in  the  course  of  diying  or 
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MMoning ;  and  therefore,  in  order  to  secute  uniformity. 
Jus  trees  irere  «U  felled  in  the  same  seascm  of  the  year^ 
were  aqiuHred  the  day  after,  and  tried  the  third  day.  Try- 
ing  thein  in  this  green  state  gave  him  an  opportunity  iof 
observiiig  a  vei7  euriott^  and  unaccountaMe~  phenomenon^ 
When  tbi^  weights  we|)e  laid  briskly  on,  nearly  sufficient 
to  breat(  the  lagr  a-veiy  sensible  smoke^was  observed  to 
Issue  from  ^^^  two  eqds  with  a  sharp  hissing  noise.  This 
pmtinued  all  the  whijf  the  tree  was  bending  and  crack- 
iig.  Th|«  shows  that  the  log  is  affected  or  strained 
through  its  whole  length;  indeed  this  must  be  inferred 
jfrom  its  banding  through  its  whole  length.  '  It  also  shows 
us  the  great  effects  of  the  compreision. .  It  is^  a  pity  Mr 
BnffoQ  did  not  take  notice  whether  this  smoke  issued 
from  the  nfiyier  or  comjwssed  half  of  the  section  only,  or 
whether  it  name  firona  tlit  whole. 

480.  Wf  nuit  j|ow  mdce  some  observations  on  these 
experiBunlii  h|  order  to  eompare  them  with  tko  theory 
which  we  hi|ff  tndeavourad  to  establish. 
.  Mr  BnfTon  ^^ofisiders  the  experiments  with  the  5  inch 
kars  m  the  staii4ai4  ^  comparison,  having  both  extended 
these  to  greater  ki^ftbs,  and  having  tri^  more  pieces  of 
each  length. 

Our  theory  deteraun^  the  relative  strength  of  bars  of 
the  same  section  to  hfi  inversely  as  their  lengths.  But 
(if  we  except  the  five  experiments  in  the  first  colmnn) 
we  find  a  very  great  deviation  from  this  rule.  Thus  the 
5-inch  bar  of  28  feet  long  should  have  half  the  strength 
of  that  of  14  feet^  or  S660 ;  whereas  it  is  but  1775.  The 
bar  ot  14  feet  should  have  half  the  strength  of  that  of  7 
feet,  or  5768 ;  whereas  it  is  but  5S00.  .  In  like  manner, 
the  fourth  of  11585  is  2881 ;  but  the  real  strength  of  the 
28  feet  bar  is  1775.  We  have  added  a  column  A,  which 
exhibits  the  strength  which  each  of  the  5»inch  bars  ought 
to  have  by  the  thfiorj.  This  deviation  is  most  distinctly 
aeen  in  Fig.  82.  where  BKis  the  scale^  of  lengths^  B 


« 
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at  the  point  7  of  tii«  scale  and  K  at  98.    The  ordBoato 

CB  is  s  11585,  and  the  other  ordinate  D£»  OK,  lie. 

7  CB 
are  respeetivelj  =  = — jn--    The  lines  DF,  GH,  Sic.  art 

made  fi»  4360, 1775,  are.  enpresdng  the  strengthii  gIfM 
l»y  experimettt.  The  10  ftet  bar  abd  the  84  feet  Imt  are 
ttoiafkAbly  anomalom.  Bdt  all  are  defieient,  end  th# 
defect  has  an  evident  progression  from  the  first  to  tb4 
last  "the  same  thing  mtky  be  shown  of  the  other  eo^ 
lumns,  and  eren  ^f  the  first,  though  it  is  vetj  small  hi 
that  column.  It  mej  also  be  observed  in  the  etperimenti 
of  Belidor,  and  in  all  that  we  have  seen.  We  eaanol 
doubt  therefore  of  its  being  a  law  of  nature,  depeudiajg 
on  the  tnie  principles  of  cohesion,  and  the  lAws  of  me- 
ehanici. 

But  it  is  verj  pnsaling,  and  we  caniMt  picteud  to  gist 
n  sfttisfhctory  explsmtion  of  the  diffioalt  j«  The  oidj  ef- 
ftet  whi^  we  osn  conceive  the  length  of  a  betai  to  Invei 
is  to  increase  the  strain  at  the  section  of  tnMue  hj  etn^ 
ploying  (he  intervening  beam  as  a  lever;  Bat  we  da  not 
distfeoetly  see  what  ehai^e  this  oan  piodtet  in  the  modt 
of  action  of  the  fibns  in  this  toetion,  so  aa  eitiier  to  tfaange 
their  cohesion  or  the  place  of  its  centre  of.  effi«i:  jel 
jMmethiHg  of  this  kind  nrast  happen. 

We  see  indeed  some  circvrastances  wbidi  must  toniri* 
bate  to  make  a  smaller  weight  safficient,  in  Mr  Buffon'e 
ajepertments,  to  break  a  long  beam  than  in  the  eiact  m^ 
terse  proportion  of  its  length. 

In  the  first  place,  the  weight  of  the  btttia  itself  eiig« 
ments  the  strain  as  much  as  if  half  of  it  were  added  in  thi 
ferm  of  a  weight.  Mr  Btfibn  has  given  the  weight*  of 
every  beam  on  which  be  made  experiment*,  whieh  is  very 
nearly  74  pounds  per  ctbic  foot.  But  they  are  miseh  tot 
email  to  account  for  the  deviation  from  the  ibnAry*  Tkt 
half  weights  of  the  5*inch  beams  of  7,  14^  saii  88  feet 
Imgth are  <miy  45,  98,  and  188  poawls;  whtdh mdm 


SVUMGTH  OF  M1TBBIAL&  47T 

At  rtil  strftiii3  in  the  experiments.  11560,  £890,  and 
10S6  i  wMoh  are  far  from  having  the  proporlioas  of  4, 8, 
and  L 

Bofibn  tajs  that  healthy  trees  are  aniTersallj  strongest 
al  the  root  end ;  therefore  when  we  use  a  longer  beanit 
its  middle  point,  where  it  is  broken  in  the  experiment^  if 
in  a  wenlcer  part  of  the  tree.  But  the  triak  of  the  44nck 
beams  show  that  the  difference  from  this  cause  is  almost 
insensible. 

The  length  mnst  have  tome  mechanioal  iafloeoee  which 
the  theory  we  have  adopted  has  not '  yei  explained.  It 
auiy  not  howev^  be  inadequate  to  the  task.  The  very 
iiigeaioiii  invertigation  of  the  elastic  eurvei  by  James  Bat^ 
mwdli  and  other  oelebrated  mathematicians,  is  perhaps  ai* 
refined  an  application  ci  mathematical  analysis  as  wo 
know.  Yet  in  this  investigation  it  was  necessary,  jji 
order  to  avoid  almost  insnperabie  difliculties,  to  take  the 
simplest  possible  case,  vis.  where  the  thickness  is  exceed- 
ingly  small  in  comparison  with  the  length.  If  the  thtc^ 
less  be  conaiderable,  the  quantities  neglected  in  the  catcu^ 
hie  are  too  great  to  permit  the  conclusion  to  he  accwate, 
or  very  nearly  so.  Without  being  able  to  define  the  form 
into  whioh  an  elastic  body  of  considerable  thickness  will 
be  beat,  we  can  say  with  confidence,  that  in  m  eitremo 
ease,  where  th»  eomprasrion  in  the  concave  side  is  very 
great,  the  oervatuie  differs  considerably  from  the  BernouU 
Kan  curve.  But,  as  our  investigalioo.  is  incomplete  and 
very  long,  we  do  not  offer  it  to  the  reader. 

4SJ.  The  foUowing  more  fimiiliar  considerttimia  will, 
we  apprehend,  render  it  highly  i^Hibable  that  the  relative* 
itrength  of  beams  decreases  faster  than  in  the  inv^rae 
catio  of  their  length.  The  curioue  observatioa  by  Mr 
Bnffim  of  the  vapour  which  issued  with  a  hissiag  aoiso 
foam  the  ends  of  a  beam  of  green  oak,  while  it  was  break* 
log  by  the  load  on  its  middle,  shows  that  the  whole  length 
oi  the  piece  was  affe^d :  indeed  it  mnst  ^e,  since  it  i« 
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bent  throttgfaout.  We  have  shown  above,  thft  a'eeliaitt 
definite  eurvature  of  a  beam  of  a  given  fimn  is  always  ac-* 
eompanied  by  rupture.  Now  suppose  the  beam  A  of  1& 
fieet  long,  and  the  beam  B  of  20  feet  long,  bent  to  the 
same  degree,  at  the  place  of  their  fixture  In  the  wall ;  the 
weight  which  hangs  on  A  is  nearly  double  of  that  which 
must  hang  on  B.  ^The  form  of  any  portion,  suppose  6 
feet,  of  these  two  beams,  immediately  adj<Hning  to  the 
wall,  is  considerably  different.  At  the  distance  of  &  feet 
the  curvature  of  A  Is  |  of  its  curvature  at  the  wail.  The 
curvature  of  B  in  the  corresponding  point  is  fths  of  the 
same  curvature  at  the  wail.  Through  the  whole  of  the 
intermediate  5  feet,  therefore,  the  curvature  of  B  is  greater 
than  that  of  A.  This  must  make  it  weaker  throughout. 
It  must  occasion  the  fibres  to  slide  mote  on  each  oti^er 
(that  it  may  acquire  thii  greater  curvature),  and  thna 
affect  their  lateral  union ;  and  therefore  those  which  are 
stronger  will  not  assist  their  weaker  ndghbours.  To  this 
we  must  add,  that  in  the  shorter  beams  the  foree  with 
which  the  fibres  are  pressed  laterally  on  each  other  is 
double.  This  must  impede  the  mutual  sliding  of  the  fibres 
which  we  mentioned  a  Jittle  ago ;  nay,  this  lateral  codu 
pression  may  change  the  law  of  longitudinal  cohesion  (aa 
will  readily  appear  to  the  reader  who  is  acquainted  wtUi 
Boscovich'^s  doctrines),  and  increase  the  strength  of  the 
very  surface  of  fracture,  in  the  same  way,  however  inex- 
plicable, as  it  does  in  metals  when  they  are  iuumnered  or 
drawn  into  wir^. 

The  reader  must  judge  how  far  these  remarics  are  worthy 
of  his  attention.  The  engineer  will  carefttUy  keep  in  mind 
the  important  fact,  that  a,  beam  of  quadruple  length,  in* 
stead  of  having  ^th  of  the  strength,  has  only  about  ^th ; 
and  the  philosopher  should  endeavour  to  discover  the  cause 
of  this  diminution,  that  he  may  give  the  artist  a  more  ac- 
curate rule  of  computation. 

432.  Our  ignorance  of  the  taw  by  which  tbe  oohesloA 
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of  tbe  ptrtides  changes  t>y  a  change  of  distance^  hinders 
«s  from  discovwng  the  precise  relation  between  the  cur** 
vature  and  the  momentum  €i  cohesion ;  and  all  we  can  do 
is  to  mnltiply  ezfieriments,  upon  which  we  may  establish 
some  empirical  rules  for  cakvlatittg  the  strength  oC  solids. 
Those  from  which  we  must  reason  at  pi'esent  «ce  too  few 
and  too  anomalous  to,  be  the  foundation  of  such  an  empi- 
xical  formula.  We  may^  however^  obserye,  that  Mr  Bi|f- 
fon^s  experiments  give  us  eonsiderabk  assistance  in  this 
particular :  For  if  to  each  of  the  numbers  of  the  column 
foe  the  5*inch  beams^  corrected  by  adding. half  the  weight 
of  the  beam,  we  add  the  constant  number  1245,  we  shall 
have  a  set  of  number^  whieh  are  very  nearly  reciprocals  of 
the  lengths.  Let  124fi  be  called  c,  and  let  the  weight 
which  is  known  by  experiment  to  be  necessary  for  break- 
ing the  5*inch  beam  of  the  length  a  be  called  P.    We 

shall  hare  — r-. "*  ^  =  J^*    Thus  the  weight  neces* 

sary  for  breaking  the  T-foot  bar  is  11560.    This  added 


to  1245,  and  the  sum  multiplied  by  7,  gives  P+cxa=; 

69635.    Let  .  U  18;  then  «^-12i5  =  3725,  =p, 

which  differs  not  more  than  ,\jth  from  what  experiment 
gives  us.  This  rule  holds  equally  well  in  all  the  other 
lengths  except  the  10  and  24  foot  beams,  which  are  very 
unomalous.  3ucb  a  formula  is  abundantly  exact  for  prac- 
tice, and  will  answer  through  a  much  greater  variety  of 
■  length,  though  it  cannot  be  admitted  as  a  true  one ;  be- 
cause, in  a  certain  very  great  length,  the  strength  will  be 
nothing.  For  other  sizes  the  constant  number  must 
change  in  the^  proportion  of  d',  or  perhaps  of  p. 

433.  The  ne^  comparison  which  we  have  to  make  with 
the  theory  is  the  relation,  between  the  strength  and  (he 
square  of  the  depth  of  the  section.  This  is  made  by  com- 
paring with  each  other  the  numbers  in  any  horizontal 
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fine  of  tho  tablt.  In  making  tliis  e^mparifon  w%  find  tfc« 
Bumbtn  of  the  5-»oh  bori  on|formlj  greater  than  tka 
i«gt  We  imagine  that  tkere  is  8<Hnetki»g  peenNar  to 
(kese  kars ;  Tkej  ars  in  ganeval  heavier  tkan  in  tke  ^^ 
portion  of  tkoir  aeotloo,  but  not  so  mock  as  to  account 
for  all  their  superiority.  We  imagine  that  this  set  of  ex- 
perinents,  intended  as  a  standard  fbr  tke  rest,  kas  been 
made  at  one  time,  and  tkat  the  season  has  had  a  consider- 
able  influence.  The  fact  however  is,  that  if  tki«  colvmn 
be  kept  out,  or  the  nnmkera  whick  represent  the  strengths 
be  uniformly  diminished  akout  i^tb,  the^difiereDt  siaes 
will  deriato  very  little  from  the  ratio  of  the  square  of 
Ike  deptkf  as  delemuned  by  tkeory.  Then  is,  however^ 
a  «nall  defioienoy  in  the  ki^r  beams. 

Wo  have  been  thus  anxious  in  tke  eaaminatkm  of  tkese 
experiments,  because  they  are  the  only  ones  whidi  have 
been  relate^  in  ^uflScient  detail,  and  mado  on  a  proper 
scale  for  giving  ua  data  from  which  we  can  deduce  oonfi* 
4aa(ial  miixinis  Ifor  practice.  They  are  49  trouUfsomo 
and  expensive  that  we  have  little  hopes  of  seeing  their 
number  greatly  increased ;  yet  surely  our  navy  board  would 
do  an  nn^peakabk  service  to  thi^  pMblio  bj  appropriivtiog  a 
fund  for  such  experiments  under  the  management  of  some 
man  of  science. 

434.  There  remains  another  comparison,  which  is  of 
diief  importance,  namely,  the  proportion  between  the  ab« 
soLUTB  coHBsioif  and  the  rblativb  strbkgth.  It  may  be 
guessed,  from  the  very  nature  of  tke  thing,  that  this  must 
be  very  uncertain.  Experiments  on  the  absolute  strength 
must  be  confined  to  very  small  pieces,  by  reason  of  the 
v^ry  great  forces  whick  are  required  for  tearing  them 
asunder.  The  values  therefore  deduced  from  them  must 
be  subject  to  great  inequalities.  Unfortunately  we  have 
got  no  detail  of  any  experiments ;  all  that  we  have  to  de* 
pend  on  h  two  passages  of  MuschentMroek*^  EssatB  dt  Phy* 
sique ;  in  one  of  which  he  says,  that  a  piece  of  sound  oak 


jf/gths  of  an  intik  square  is  torn  asunder  bj  1150  pounds ; 
and  in  (lie  othet)  thy»t  an  oak  plank  12  inches  broad  and  1 
thick  will  just  suspend  189,163  pounds.  These  give  for 
the  cohesion  of  an  inch  square  15,755  and  15^763  pounds. 
Bouguer^  in  iris  TVmYe'  du  Navirt,  says,  that  it  is  very  well 
known  that  a  rod  of  sound  oak  ^th  of  an  inch  square 
win  be  torn  asunder  by  1006  pounds.  This  gives  16,000 
Ibr  the  cohesion  of  a  square  inch.  We  sh^H  take  this  as  a 
round  ntimber,  easily  fised  in  our  eoniputa€ions.  Let  ui 
Compare  tins  wifh  Mr  Buflbn^s  trials  of  beams  four  inchaf 

flqiuire.  '  ' 

The  absolute  cohesion  of  this  section  is  1^,000  x  16  = 
856>000.  Did  every  fibre  exert  its  whole  force  in  the  in- 
stant of  fracture,  the  momentum  of  cohesion  would  be  the 
same  as  if  it  had  afll  acted  at  the  centre  of  gravity  of  the 
section  at  9  inches  from  the  axis  of  fracture,  and  is  there- 
fore 5Ji8,000.  The  4-inch  beam,  7  feet  long,  was  broketi 
by  5312  pounds  hung  on  its  middle.  The  half  of  this,  or 
8056  pounds^  would  haveliroken  it,  if  suspended  at  its  ex- 
tremity, projecting  3^  feet  or  42  inches  frorh  a  wall.  The 
momentum  of  this  strain  is  therefore  2656  x  42,  =  111552^ 
Now  this  is  in  equilibrio  with  the  actual  momentum  of  co- 
hesion, which  is  therefore  111552  instead  of  512000. 
The  strength  is  therefore  diminished  in  the  proportion  of 
S12000  to  111552,  or  very  nearly  of  459  to  1. 

As  we  are  quite  uncertain  as  to  the  place  of  the  centre 
of  effort,  it  is  needless  to  consider  the  full  cohesion  as 
acting  at  the  centre  of  gravity^  and  producing  the  ipomen- 
tum  512,000 ;  and  we  m^iy  convert  the  whole  into  a  sim- 
ple multiplier  m  of  the  length,  and  say,  as  m  times  the 
length  is  to  the  depth,  so  is  the  absolute  cohesion  of  the  section 
to  the  relative  strength.  Therefore  let  the  absolute  cohesion 
of  a  square  inch  be  called  ff  the  breadth  6,  the  depth  d^ 
and  the  length  /  (all  in  inches),  the  relative  strength^  or  the 

f  OL.  I.        "  ,  8  H 
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external  force  |i,  which  balances  it,  it  *[        ,  or  in  rounJ 

namberi  -^  ;  for  m  =  2  x  4,59. 

•J  * 

This  great  ^minution  of  strength  caonot  be  wholly  ac- 
counted for  by  the  inequality  of  the  cohesive  forces  ex« 
erted  in  the  instant  of  fracture  i  for  in  this  case  we  know 
that  the  centre  of  effort  is  at  one  third  of  the  heigbt*in  a 
rectangular  section  (because  the  forces  r^ly  exerted  are 
as  the  extensions  of  the  fibres).    The  relative  strength 

fh  d^ 

would  be  r      .-,  and  p  would  have  been  8127  instead 

of  2658. 

We  must  ascribe  this  diminution  (which  is  three  times 
greater  than  that  produced  by  the  inequality  of  the  cohe- 
sive forces)  to  the  compression  of  the  under  part  of  the 
beam ;  and  we  must  endeavour  to  explain  in  what  manner 
this  compression  produces  an  effect  which  seems  so  little 
explicable  by  such  means. 

As  we  have  repeatedly  observed,  it  is  a  matter  of  nearly 
universal  experience  that  the  forces  actually  exerted  by 
the  particles  of  bodies,  when  stretched  or  compressed,  are 
Tery  nearly  in  the  proportion  of  the  distances  to  which 
the  particles  are  drawn  from  their  natural  positions.  Now, 
although  we  are  certain  that,  in  enormous  compressions, 
the  forces  increase  faster  than  in  this  proportion,  this 
makes  no  sensible  change  in  the  present  question,  be^. 
cause  the  body  is  broken  before  the  compressions  have 
gone  so  far ;  nay,  we  imagine  that  the  compressed  parts 
are  crippled  in  most  cases  even  before  the  extended  parts 
Bre  torn  asunder.  Muschenbroek  asserts  this  with  great 
confidence  with  respect  to  oak,  on  the  authority  of  his 
own  experiments.  He  says,  that  although  oak  will  sus- 
pend half  as  much  again  as  fir,  it  will  not  support,  as  a 
pillar,  two-thirds  of  the  load  which  fir  will  support  in  that 
form. 
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We  imagine  therefore  that  the  mechanisto  In  the  j^resenl^ 
case  is  nearly  as  follows : 

Let  the  beam  DCK  a  (fig.  23.)  be  loaded  at  iU  ex-t 
tretnity  with  the  weight  P^  acting  iq  the  direction  EP^ 
perpendicular  to  DC  Let  D  A  be  the  section  of  fracture* 
Let  DA  be  about  |d  of  D  A.  A  will  be  the  particle  or 
fibre  which  is  neither  extended  or  compressed^  Make 
A) :  Dd  =  DA  :  A  A.  The  triangles  DAd,  a  A)^  will 
represent  the  accumulated  attracting  and  repelling  forces. 
Make  AI  and  Ai  =  Jd  DA  and  ^d  A  A.  The  point  I 
will  be  that  to  which  the  full  cohesion  Di  or /of  the  par* 
tides  in  AD  must  be  applied^  so  as  to  produce  the  same 
momentum  which  the  variable  forces  at  I,  D,  fcc.  really 
produce  at  their  several  points  of  application*  In  like 
manner,  t  is  the  centre  of  similar  effort  of  the  repulsive 
forces  excited  by  the  compression  between  A  and  A)  and 
it  is  the  real  fulcrum  of  a  bended  lever  1 1  k^  by  which 
the  whole  effect  is  produced.  The  effect  is  the  same  as  if 
the  full  cohesion  of  the  stretched  fibres  in  AD  were  accu* 
mulated  in  I,  and  the  full  repulsion  of  all  the  compressed 
fibres  in  A  A  were  accumulated  in  t.  The  forces  which 
are  balanced  in  the  operation  are  the  weight  P^  acting  by 
the  arm  k  i,  and  the  fuU  cohesion  of  AD  acting  by  the 
arm  I  i  The  forces  exerted  by  the  Aompressed  fibres  be* 
tween  A  and  a  only  serve  to  give  support  to  the  lever^ 
that  it  may  exert  its  strain. 

We  imagine  that  this  does  not  differ  much  from  the 
real  procedure  of  nature.  The  position  of  the  point  A 
may  be  different  from  what  we  have  deduced  from  Mr 
Buffon^s  experiments,  compared  with  Muschenbroek^s 
value  of  the  absolute  cohesion  of  a  square  inch.  If  thu 
last  should  be  only  18000,  DA  must  be  greater  than  we 
have  here  made  it,  in  the  proportioii  of  ISOOO  to  16000« 
For  I  i  must  still  be  made  s  }d  A  A»  supposing  the 
forces  to  be  proportional  to  the  extensions  and  compres- 
•ions.    There  can  be  no  doubt  that  a  part  only  of  the 
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eobeflJoB  of  D  A  opcarates  in  resisiing  the  fracture  in  aO 
substances  which  have  any  comprestibility ;  and  it  is  con- 
firnad  hj  At  experimenls  of  Mr  Du  Hamel  om  willow, 
and  the  inferenoes  are  by  00  means  eonfiaed  to  tHat 
species  of  timber.  We  say,  therefore,  tiiat  wken  the 
beam  is  broken,  the  cohesion  of  AD  alone  is  exerted,  and 
that  each  fibre  exerts  a  force  proportional  to  its  extension ; 
and  the  accumnlaled  ntoa»entum  is  th^  same  as  if  the  fuH 
cohesion  of  AD  were  acting  by  the  lever  1 1  =:  ^d  of 
Da. 

It  may  be  said,  that  if  only  Jd  of  tiie  cohesion  of  oak 
be  exerted,  it  may  be  cut  |ds  through  without  weakening 
it.  But  this  cannot  be,  because  the  ^cohesion  of  the  whole 
18  employed  in  preFenting  the  lafteral  slide  so  often  men* 
tinned.  We  have  no  experiments  to  determine  that  it 
mrjf  not  lie  cfkt  through  }d  without  loss  of  ilts  strength. 

This  must  not  be  considered  as  a  aobject  of  mere  spe* 
'cfujative  curiosity :  It  is  intimately  connected  with  all  the 
practical  uses  which  we  can  make  of  this  knowledge ;  for 
it  is  almost  the  onfy  way  that  we  can  team  the  compresr 
aibility  of  timber.  -  Experiments  on  the  direcft  coherioa 
are  indeed  difficult,  and  exceedingly  expensive  if  we  ai« 
t^npt  them  in  large  pieces.  But  experiments  on  com* 
pression  are  almost  impracticable.  The  most  instruc- 
t^ive  experiments  would  be,  first  to  establish,  by  a  great 
number  of  trials,  the  transverse  force  of  a  modern  bat*' 
teb  ;  and  then  to  make  a  great  number  of  trials  of  the'di« 
minution  of  its  strength,  by  cutting  it  through  on  the  con^ 
cave. side.  This  would  very  nearly  give  us  the  .proportion 
of  the  cohesion  which  really  operates  in  resisting  frac- 
tures. Thus,  if  it  be  found  that  one  half  of  the  beam  may 
be  cut  on  th^  under  side  without  diminution  of  its  strength 
(taking  oare  to  drive  in  a  slice  df  harder  wood)  we  may 
conclude  that  the  point  A  is  at  the  middle,  or  somewbirt 
above  iU 

Much  lies  befoce  iht  curioufi  meehaniciatt,  and  we  ar# 
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«8  jet  Tcr J  far  from  a  seiealific  knowledge  of  ike  tftrengtli 
of  timber. 

481.  In  the  mean  time,  we  may  derive  from  these  ex* 
perimeats  of  Buffon  a  very  usefQl  practical  rule,  without 
relying  on  any  value  of  the  absolute  cohesion  of  oak.  Wt 
see  that  the  strength  is  nearly  as  the  breadth,  as  the 
square  of  the  depth,  and  as  the  im^rse  of  the  length.  It 
is  most  conresient  to  measuFe  the  breadth  and  depth  of 
the  beam  in  inehes,  and  its  kngth  in  feet  Since,  then,  ft 
beam  fottr  inches  square  and  seren  feet  between  the  siiph 
ports  is  broken  by  5312  pounds,  we  must  conclude  that  a 
batten  one  inch  square,  and  one  foot  between  the  supports, 
will  be  broken  by  581  pounds.  Then  the  strength  of  any 
«ther  beam  of  oak,  or  the  weight  which  will  just  break  it 

when  hung  on  its  middle,  is  581  —7—. 

But  we  have  seen  that  there  is  b  very  considerable  do- 

Tiation  from  the  inverse  proportion  of  th^  lengths,  aad  wt 

must  endeavour  to  accommodate  our  rule  to  this  d€(via- 

tioa.    We  found,  that  by  adding  1946  td  each  of  the  oiv 

dinates  or  numbers  in  the  cofumn  of  the  5-incli  bara, 

we  had  a  set  of  numbers  very  nearly  reciprocal  of  the 

lengths ;  and  if  we  make  a  similar  addition  to  the  otktr 

columns  in  the  proportion  of  the  cubes  of  the  siaes,  we 

liave  Aearly  the  same  result.    The  greatest  error  (e^dspt 

•in  the  case  of  experiments  which  are  very  irregular)  does 

not  exceed  ^^th  of  the  whole.    Therefore,  for  a  radical 

number,  add  to  the  53 J  2  the  number  640,  which  is  to 

1845  very  nearly  as  4>  to  5>.    This  gives  5959.    The 

64th  of  this  is  93,  which  corresponds  to  a  bar  of  ona  inch 

square  and  seven  feet  long.    Therefore  S3  x  7  will  be  the 

reciprocal  corresponding  to  a  bar  of  one  foot.    This  ia 

651.    Take  from  this  the  present  empirical  eorrectiou, 

b  40 
which  is  -r-T-i  or  10,  and  there  remains  641  for  the 
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atrength  of  the  bur.    Tbis  gives  ns  for  a  general  rulf 
p  =  651 -J.  — 104  d*. 


Example.  Required  the  weight  necessary  to  break  an 
oak  beam  eight  inches  square  and  90  feet  between  the 

|iK>p8,p  =  661x^5^— 10x8x8*.     This  U  11646, 

whereas  the  experiment  gives  1 1487.  The  error  k  verj 
amall  indeed.  The  rule  is  most  deficient  in  comparison 
with  the  five-inch  bars,  which  we  have  ah-eadj  said  appear 
atronger  than  the  rest. 

The  following  process  is  easilj  remembered  bgr  mdi  as 
are  not  algebraists. 

•  Multiplj  the  breadth  in  inches  twice  faj  the  depth,  an4 
call  this  product/  Multiply/by  661,  and  divide  by  the 
length  in  feet.  From  the  quotient  take  10  times/  The 
remainder  b  the  number  of  pounds  which  will  Inreak  tho 
beam. 

We  are  not  sufficiently  sensible  of  our  principles  to  be 
confident  that  the  correction  10  /  should  be  in  the  pro* 
portion  >of  the  section,  although  we  think  it  most  probabie. 
It  is  qnite  empirical,  founded  on  Buflbn^s  experiments. 
Therefore  the  safe  way  of  using  this  rule  b  to  suppose 
the  beam  square,  by  increasing  or  diminishing  its  breadth 
•till  equal  to  the  depth.  Then  find  the  strength  by  thb 
rule,  and  diminish  or  increase  it  for  the  change  which 
has  been  made  in  its  breadth.  Thus,  there  can-  be  no 
doubt  that  the  strength  of  the  beam  given  as  an  example 
is  double  of  that  of  a  beam  of  the  same  depth  and  bsif 
the  breadth. 

The  reader  cannot  but  observe  that  all  thb  calculation 
relates  to  the  very  greatest  weight  which  a  beam  will 
bear  for  a  very  few  minutes.  Mr  Buffon  unifonnly  found 
that  two-thirds  of  thb  weight  sensibly  impaired,  its 
strength,  and  frequently  broke  it  at  the  end  of  two  or 
three  months*    One  half  of  thb  weight  brought  the  beam 


to^«<eertaio  bend*  which  did  nol  increMB  «flUer  the  6iiit 
iQumiCe  or  two,  aod  may  be  borne  by  the  beam  for  any 
kngth  of  time.  But  the  beam  contracted  a  bead^  of 
which  it  did  not  recover  any  considerable  portion.  One- 
ihird  seemed  to  have  no  permanent  effect  on  the  beam ; 
but  it  recovered  its  rectilineal  shqie  completely,  even 
after  having  been  loaded  several  months,  provided  thft( 
fhe  timber  was  seasoned  when  first  loaded;  that  is  to  say, 
one-third  of  the  weiglpt  which  would  quickly  break  a  sea^ 
aoned  beamy  or  one>^ourth  of  what  would  break  one  just 
felled,  may  lie  on  it  for  ever  without  giving  the  beam  a 
aett 

We  have  no  detail  of  experiments  on  the  strength  of 
.other  kinds  of  timber ;  only  Mr  Buflbn  says,  that  fir  has 
about  i%ths  of  the  strength  of  oak ;  Mr  Parent  makes  it 
.^{ths;  Emerson,  Sds,,&e. 

We  have  been  thus  minute  in  our  examination  of  the 
mechanism  of  this  transverse  strpin,  because  It  is  the 
greatest  to  which  the  parts  of  our  machines  are  exposed. 
We  wish  to  impress  on  the  minds  of  artists  tt^  necessity 
of  avoiding  this  as  much  as  possible.  They  «re  improv*. 
ing  in  this  respect,  as  may  be  seen  by  comparing  the 
centies  on  irhich  stone  arches  of  great  span  are  now 
turned  with  those  of  former  times*  They  were  formerly 
0  load  of  mere  joists  resting  on  a  multitude  ofposts, 
which  obstructed  th?  navigation,  and  wem  frequently 
Joeing  their  shape  by  some  of  the  posts  sinking  into  the 
ground*  Now  they  are  more  generally  M*iibms,  where  the 
lieapds  abirtt  pn  each  other,  and  are  reUered  from  trans* 
.terse  strains.  But  many  performances  of  eminent  artiste 
are  still  very  injudiciously  exposed  to  cross  strains.  We 
m$f  instaiice  one  which  js  considered  as  a  fine  work,  Tia. 
'Ihe  bridge  at  Walton  on  Thames.  Hare  every  beam  of 
tbe  great  ar^b  is  a  joist,  aiid  it  hangs  together  by  framing. 
Th^  fipi^f  pifcf  of  carpeptry  that  we  have  seen  is  th(» 
^^antrt  employ  ad  ip  tMnaing  thf  arches  cf  ,tb^  bridge  at 


tMettitf,  iJeserib^d  by  P^nxMiet.'  Id  tbe  Wb^le  tttef^  A' 
IM  OM  €roBA  Mraki.  Th«  beam,  too«  of  HortM^mefU 
iteam^engtii^  it  very  stienlMicfllly  ceinrtruoted. 

463.  IV.  'i1ife  last  tpeeies  of  stMki  whkh  ire  are  t6 
exdmiDe  is  thai  produced  by  teritfCiag.  This  taic^  plaeib 
bi  alt  aries  #Mcll  eoiAneet  th^  w^irig  (M^ts  dl  tim^ 
chines. 

AHliMgh  W^  eaimot  prMead  to  have  li  tetfiUMiHi 
eoadftption  of  thaA  modffieation  ^f  the  cohesion  of  a  body 
by  which  it  resAts  this  kind  of  strain,  we  oAii  hate  li6 
doubt  that)  When  all  the  partfeleis  act  aHtee^  the  resistance 
must  be  propcirtional  to  the  number.  Therefore  if  wt 
suppose  the  two  pfarts  ABCD/  ABFlfe  Fig.  Si.  ef  the 
body  EFCD  to  be  of  insupeinble  strength,  but  cofaei^- 
ing  meire  weakly  fai  the  common  surface  AB,  and 
that  one  part  ABCD  is  pushed  ialerally  In  the  dkeclioti 
AB,  there  can  be  no  d<Mibt  that  it  will  yield  only  there, 
and  that  the  resistaifce  witt  be  f»t>porlioflal  to  the  mt^ 
face. 

48S.  Ill  Uke  matiner,  we  can  cenceive  a  tbhi  cyMddri- 
cal  tube,  of  which  EAH  Fig.  85.  is  the  section,  as  cehett. 
Ing  more  weakly  in  thlit  section  thAn  anywhere  else. 
Suppose  il  to  be  grasped  in  bdth  hands,  luid  the  tW6 
parts  twisted  round  the  axis  in  opposite  dirediotts,  as  we 
would  twist  the  tW(^  joints  of  a  fhrte,  it  is  ^lain  that  it 
will  first  fail  m  ihk  section,  whiiih  fs  the  drenmferenee  0f 
""a  circle,  «nd  the  particles  of  the  two  parts  which  ai%  esi»- 
tiguous  to  this  circumference  Will  be  drawn  from  each 
other  laterally.  The  total  resistance  will  be  aft  the  nnM- 
berof  equally  resisting  particles,  that  is,  astheeitMiil- 
ferencc  (jhr  the  tiibe  being  supposed  yety  thitt,  thene  drii 
be  no  sensible  diflfbrence  l>etweeil  (he  dilatdtion  of  the 
external  imd  internal  paiticles).  We  cam  now  suppose 
another  tube  within  this,  and  a  third  within  the  seednd, 
and  so  on  till  we  reach  the  celstre.  If  the  particles  of 
Wh  ring  exerted  the  same  force  (by  § uflMng  tii^  sattie 


^tkitettotf  kk  tbe  direecito  of  ih^'  fistwstilktt^ee}^  ttie^  M- 
mtance  o^  eaefa  ring  of  Ihe  KetftioA  wotiM  te  M  its  tif^ 
etuntepenee  and  Us  breadth  (9«fp0Md  tfiddiAiMy  «iMll)» 
and  the  whole  reflistaiiee  iN>tild  4)e  as  the  alitfMe ;  aMl 
this  tro«ild  represent  the  fesi^tanee  of  A  soMd  t^liadef. 
But  when  a  cylHider  fo  twisted  iii  thb  oraHMr  hf  an  es* 
tenud  force  aftptied  te  its  etfctttDferenee,  the  elterMi 
parts  witl  soifer  a  gMat<»r  dreriar^  eietefiri#fi  thra  the  in- 
temal ;  and  it  appears  that  ihii  eztensien  (Kke  the  eitftM* 
mm  of  a  heain  strained  iratisTerirfy)  wW  be  propevtiteai 
t^  the  distance  <rf  the  pattides  from  the  aacts^  W*^  CMk 
tMt  say  that  this  Is  demonstrable,  but  we  can  assign  no 
propottioii  that  is  mofs  probaUti  Thia  betnf  tbe  iMC» 
the  forces  simuUaneottiljr  exettad  by  each  pwtiek  will  te 
as  its  distanoe  intoi  the  asic.  Thtivfore  tfe  whole  force 
•exerted  by  each  ring  wUl  be  as  the  sqoare  of  its  cadiaa, 
eoid  the  aconaRflated  totce  actually  exerted  will  beias  tie 
cube  of  the  radkit ;  that  is,  the  aeeomafbted  furte'enertad 
by  the  whole  dylinder,  wkKnae  radtva  is  CA,  is  to  die  ao- 
coamitated  foree  «mrted  <ti  ike  mum  Hmt  by  thefart  whoie 
radios  is  CE^  «ft  CA'  to  CS^ 

The  wlfote  coherion  now  exerted  is  just  two-iUids  of 
what  it  would  be  if  all  the  partkles  wem  exttting  'Ate 
flame  ettnuttit^  farces  which  iue  jn^i  now  exerted  by  the 
portided  in  thd  exterital  tn^cumfferenee.  This  it  pkdh  to 
any  person  iti  tbe  least  famitiar  with  tbe  fluxionarjii  eaU 
coins.  Ant  Mieh  as  are  not  may  easily  see  it  in  fUs 
Way.  ... 

Let  the  rectangle  AC  c  a  Fig.  25.  be  set  uplright  ^n  the 
sttrfeee  Hf  tbe  circle  along  the  tioe  CA,  and  revolve  roond 
the  nsis  C  e«  It  will  generate  a  cylinder  whose  height  is  O  c 
^r  A  a,  and  baring  the  eirde  KAfi  fee  its  base.  If  the 
diegooal  C  a  be  supposed  also  to  retolve^  it  is  pkin  that 
^Che  trianghi  e  C  a  wiH  genemte  n  com  of  tbe  same  hdgiity 
4taid  hk^rbnf  ht  ilo  b*se  the  cirate  deseribed  by  flue  tero- 
lotion  of  c  Of  and  the  point  C  for  its  ape:irf    Th#  eylfa|» 


499  jmoMOTB  or  m'atbiials. 

drical  smfae?  ^gmerated  by  A  a  will  express  tbe  whole 
.cobefioD  ezoted  by  the  circumference  AHK,  sod  the 
eyUodrical  smface  generated  by  E  e  will  represent  th^ 
cghesioD  exerted  by  the  circumference  ELM,  and  the 
folid  generated  by  ibe  triangle  €A  a  will  represent  the 
eohfmon  exerted /by  the  whole  circle  AHK,  and  the  cy* 
finder  geo^vted  by  the  rectangle  AC  e  a  will  represent 
the  cohesion  exerted  by  the  same  sur&ce  if  each  partid^ 
had  suffered  the  extension  A  o. 

Now  it  is  plain,  in  the  first  place,  that  tbe  solid  gene- 
Mtcd  by  the  triangle  e  EC  is  to  that  generated  by  a  AC 
jas  EC '  to  AC '.  In  the  next  place,  the  solid  gene- 
w^Ud  by  a  AC  is  two-thirds  of  the  cylinder,  because  the 
cfrne  generated  by  c  C  a  is  one-third  of  it. 

464.  We  may  novr  suppose  the  cylinder  twisted  till  the 
particles  in  the  external  drcumference  lose  their  cohesion. 
There  can  be  no  doubt  that  it  will  now  be  wrenched 
Monder,  ail  the  inner  cirdes  yielding  in  sooeessioii.  Thus  we 
obtain  one  useful  piece  of  information,  vit.  that  a  body  of 
Jioroogeneoiis  texture  resists  a^q^  fmiit  with  two4hirdf 
of  the  force  with  which  it  resists  an  attempt  to  force  one 
part  laterally  from  the  other,  or  with  otte4hird  part  of 
the  force  which  will  cut  it  asunder  1^^  a  square-edged 
tooL  For  to  dci?e  a  .squarenklged  tool  through  a  piece 
.of  lead,  for  instance,  is  the  same  as  forcing  a  piece  of  the 
lead  as  thick  as  tbe  {m1  laterally  away  frpm  the  two 
pieces  on  eaf^h  side  of  th$  t^o)^  Expmmenta  itf  this  )fmd 
do  not  seem  diJflScult,  and  they  would  give  us  very  «|sef||l 
^formation. 

485.  When  (wo  cylinders  AHK  and  BNO  iPig.  25.  are 
wrenched  asunder,  we  must  conclude  that  the  esf^tem^ 
particles  4»f  each  are  just  put  beyond  their  limtts  of  eoha- 
sion^  are  equally  extended,  and  are  exming  equal  forces. 
Henee  it  follows,  th^t  in  the  instaQt  pf  fracture  the  sum 
total  of  tbe  forces  actually  exerted  lure  as  the  fqmi?s  fif 
.^  4i«niflterst  ^    _ 
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^  For  Amwhig  the  diagonal  Ce,  it  U plain  tb^lEe^ssAay 
€xpres8e8  the  disten»ion  of  the  ciceamfereDoe  ELM,  «ii4 
that  the  solid  gpnevhted  by  the  triangie  CE  e,  ezpreesi^ 
the  cohesion  exerted  by  the  surface  of  the  circle  ELM^ 
wbm  the  particfes  in  the  circumference  suffer  the  extm- 
sion  E  e  equal  to  A«.  Now  the  solids  generated  by  GAm 
And  C£  <  being  respectively  t«?o-tbirds  of  the  correspoiidU 
jng  cylinders,  are  as  the  squares  of  the  diametera^ 

486.  Having  thus  ascertained  the  real  strength  of  tbi* 
section,  and  its  relation  to  its  absolute  lateral  strength. 
Jet  US  examine  its  strength  relative  to  the  external  forca 
anployed  to  break  it  This  examination  is  very  siofrie 
in  the  case  under  consideration.  The  strainilig  forct 
must  act  by  some  lever,  and  the  cohesion  must  oppose  it 
by  acting  on  some  other  lever.  The  centre  of  the  sec* 
tion  may  be  the  neutral  point  whose  position  is  not  dii* 
■tiprbed. 

Let  F  be  the  force  exerted  laterally  by  an  exterior  par** 
tide.  Let  a  be  the  radius  of  the  cylinder,  x  the  ind^ 
terminate  distance  of  any  circumference^  and  s  the  in* 
definitely  amall  interval  between  the  concentric  arches;, 
that  is,  let  »  ^  the  breadth  of  a  ring  and  x  its  radius. 
The  forces  being  as  the  extensions,  and  the  extensions  aa 
the  distances  from  the  axis,  the  cohesion  actually  exerted 

at  any  part  of  any  ring  will  bey* •    T^e  force  exerted 

by  the  whole  ring  (being  as  the  drcumferenee  or  as  the 

radius)  will  be  / .    The  momentum  of  cohesion  of 

a  ling,  being  as  the  force  multiplied  by  its  lever,  will  fat 

f  — .    The  accumulated,  mf mentum  will  be  the  sum 


orfluentof/ ;  that  in,  whensr  sa^  it  will  be  4/— 


»=  i/a' 


>^ 
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487.  Heaee  vre  lesrn  that  the  itrengtii  of  tt  a:tk,  bf 
wUeb  it  resistfl  being  wrenebed  asunder  bj  a  farce  acting 
il  a  giren  distanee  from  the  nxh,  is  as  the  eube  of  ita 


But  farther,  i/«'  is  =/«  «  x  1  a.  Now  fa  •  repr»- 
aeato  the  full  lateral  cohesion  of  the  seetian.  The  rao^ 
■Mitam  therefore  is  the  same  as  if  the  full  hiterai  cohe- 
sion were  accumulated  at  a  point  distant  from  the  axia 
by  ^th  of  die  radius^  <Mr  |th  of  the  diameter  of  Ae  cjlin- 
der. 

Therefore  let  F  be  the  number  of  poimds  which  aaea- 

sves  the  lateral  cohesion  of  a  circttlai  ineh)  d  the  4ia» 

tneter  of  the  cylinder  in  inches^  and  /  the  length  of  the 

Jevcr  by  which  the  straining  force  p  is  supposed  to  ast, 

d> 
we  shall  have  Fxjd'  =i?/,  and  F  ^j  =  />. 

of  - 

We  see  in  general  that  the  strength  of  an  axle,  by 

which  it  resists  being  wrenched  asnnder  by  twbting,  is 

as  the  cube  of  its  diameter* 

488.  We  see  also  that  the  internal  parts  are  not  acting 
flO  powerfidly  as  the  external.  If  a  hole  be  bored  out  of 
4he  axle  of  half  its  diameter,  the  stiength  is  diminished 
only  f  th,  while  the  quantity  of  matter  is  diminished  ^th. 
Therefore  hoHowaxLes  are  stronger  than  solid  ones  con- 
taining the  same  quantity  of  matter.  Thus  let  the  dia- 
meter be  5  and  that  of  the  hollow  4 :  then  the  diameter 
^f  another  solid  cylinder  having  the  same  quantity  of 
matter  f^ith  the  tube  is  3.  The  strength  of  the  solid  cy- 
linder of  the  diameter  5  may  be  expressed  by  5'  or  125. 
jOf. this. the  internal  .part  (of  the  diameter  4)  elerta 84; 
therefore  the  strength  of  the  tube  is  125—64,  =  61*  But 
the  strength  of  the  solid  axle  of  the  same  quantity  of 
mjitter  and  diameter  S  is  3',  or  27,  which  is  not  half  of 
4hat  of  the  tube.  * 

489.  Engineers,  therefore*  have  of  late  introdooed.-  this 
iinprovement  in  their  machines,  and  the  axles  of  cast  iron 


mit  All  juaik  bdldff  wkn  their  mae  wiH  admit  it  Th«y 
imre  the  addiiroiMil  adTsnti^e  of  being  much  ttiffer,  and 
oS  affording  much  better  fixure  for  the  flaancheB,  wbidk 
are  ««ed  for  conneeting  them  with  the  wheels  or  \ewwt9 
hj  which  they  are  tomed  and  strained.  The  soperiertty 
tff  strength  of  hoUpw  tubes  over  solid  cylinders  is  xtmA 
greater  in  this  kind  of  strain  than  in  the  foriner  or  trans- 
versa. In  this  -hist  case  the  strength  of  this  tube  would 
be  to  that  of  tho  solid  cylinder  of  equal  weight  as  61  fo 
an  nearly. 

490.  The  apparatus  whieh  we  mentioned  on  a  former 
occasion  for  trying  tiie  lateral  strength  of  a  square  inch 
of  solid  mi^er»  enaUed  us  to  try  this  theory  of  twist 
with  all  desirafaie  accuracy.  The  bar  which  hung  down 
from  the  pin  in  the  former  trials  was  now  placed  in  k 
boriaontal  position,  and  loaded  with  a  weight  at  the  ex- 
tremity. Thus  it  acted  as  a  powerfcil  lever,  and  enabled 
«s  to  wrench  asunder  specimens  of  the  strongest  mate- 
rials. We  foviid  the  resits  perfeotlj^  emrformable  to  the 
theory,  in^  as  far  as  it  determined  the  proportional 
strength  of  difTerent  siaes  and  forms :  but  we  found  the 
ratio  of  the  resistance  to  twisting  to  the  simple  lateral 
resistance  considerably  diiftrent ;  and  it  was  some  time 
before  we  discovered  the  cause. 

491.  We  bad  here  taken  the  simplest  view  that  is 
possible  of  the  action  of  cohesioB  in  resisting  a  twist  It 
is  frtqaently  oaerted  in  a  very  diflin*ent  way.  When,  for 
iBitaace,'an  iron  axle  is  joined  to  a  wooden  one  by  being 
driven  into  one  end  of  it,  the  extensions  of  the  diflferent 
oii^les  of  parlieMs  am  in  a- very  different  proportion.  A 
little  consideratioD  will  show  that  tbe  particles  in  imme- 
diate aontaot  with  tbe  iron  axle  are  in  a  state  of  violent 
extension ;  so  are  the  particles  of  the  exterior  surface  of 
the  wooden  part,  and  the  intermediate  parts  are  less 
atraiaed.  It  is  almost  impassible  to  assign  the  exact  pro- 
portion of  the  ^cohesive  ibrco  exerted  in  the  different 
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psrtfl  Numberiess  cases  eiui  be  pointed  out  where  partf 
tf  tbe  axle  are  in  a  stale  6f  compretision,  and  where  it  ta 
itili  more  difficult  to  determine  the  state  of  the  other 
|Nuticles.  We  must  content  oarselves  with  the  deduc-* 
tions  made  from  this  simple  case^  which  is  fortunately  the 
■Bost  common.  In  the  experiments  just  now  mentioned^ 
the  centre  of  the  circle  is  by  no  mt^ns  the  neutral  point, 
and  it  is  very  difficult  to  ascertain  its  place  r  but  when 
Ibis  consideratifMi  occurred  to  us,  we  easily  freed  the  e%* 
periments  from  this  uncertainty,  by  extending  the  lever 
to  both  sides,  and  by  means  of  a  pulley  applied  equal 
Ibrce  to  each  arm,  acting  in  opposite  directions.  Thus 
the  centre  became  the  neutral  point,  and  the  resist- 
ance to  twist  was  found  to  be  Jda  of  the  simple  ktieral 
atrengtb. 

402*  We  beg  leave  to  mention  here  that  our  success' 
b  these  experiments  encouraged  us  to  extend  them  nrach 
larther.  We  hoped  by  these  means  to  discover  the  ab* 
aahite  cohesion  of  manj  subalances^  which  would  have 
fequired  an  enormous  apparatus  and  a  most  nnmanage*' 
able  force  to  tear  them  asunder  directlf  •  But  we  couU 
jrcason  with  confidence  from  the  resistaoee  to  twist 
we  could  easily  measure),  provided  that  we  could 
lain  the  proportion  of  the  direct  and  the  bteral  streng^s^ 
Our  eiperiments  on  chalky  finelj  prepared  clay,  ind 
white  bees  wax,  (of  one  melting  and  tme  temperature), 
were  very  consistent  and  satisfactory.  But  we  have  hi- 
therto found  great  iiTegnlarities  in  tiua  proportion  hn  Ixk 
dies  of  a  fibrous  texture  like  timber.  These  are  the  most 
important  cases,  and  we  still  hope  to  be  aUe  to  accom- 
iriish  our  project,  and  to  give  the  pnUic  sraie  valnaMe 
information.  This  being  our  sole  object,  it  was  our  duty 
to  mention  the  method  which  promises  success,  and  thus 
excite  others  to  the  task ;  and  it  will  be  no  mortification 
to  us  to  be  deprived  of  tbe  honour  of  being  the  fint  who 
thus  adds  to  the  stock  of  experimeiital  faiowledge* 


When  tlie  matter  of  the  axle  is  of  the  moat  simple  tex- 
ture,  such  as  thi^  of  metals,  we  do  not  concetye  that  the 
length  of  the  axle  has  any  influence  on  the  fracture.  It 
is  otherwise  if  it  be  of  a  ibroua  texture  like  timber :  the 
fibres  are  bent  before  brealting,  being  twisted  into  spirals 
like  a  cork-screw.  The  length  of  the  axle  has  somewhat 
of  the  influence  of  a  lever  in  this  case,  and  it  is  easier 
wrenched  asunder  if  long.  Accordingly  we  have  found 
it  so ;  but  we  have  not  been  able  to  reduce  this  influence 
to  calculation. 

493.  The  reader  is  requested  to  accept  of  these  en- 
deavours to  communicate  information  on  this  impprtant 
and  difficult  subject.  We  are  duly  sensiUe  of  their  im- 
perfection, but  flatter  ourselver  that  we  have  in  many  in- 
stances pointed  out  the  method  which  must  be  pursued 
for  improving  oar  knowledge  on  this  subject;  and  we 
have  given  the  English  reader  a  more  copious  list  of  ex* 
periments  on  the  strength  of  materids  than  he  will  meet 
with  in  our  language^  Many  useful  deductions  might  bo 
made  from  these  premises  respecting  the  manner  of  dia» 
posing  and  combining  the  strength  of  materials  in  oar 
structures.  The  best  form  of  joists,  mortises,  tenons^ 
icarphs ;  the  ruletf  for  joggling,  tabling^  faying,  fishing, 
fcc.  practised  in  the  delicate  art  of  mast^making,  are  all 
founded  on  this  doctrine:  but  the  discussion  of  these 
would  be  equivalent  to  writing  a  complete  treatise  of  car* 
pentry.  We  hope  that  this  will  be  executed  by  soma 
intelligent  mechanician,  for  there  is  no  mechanic  art  that 
IS  more  susceptible  of  scientific  treatment.  Such  a  trei^ 
iise,  if  well  executed,  could  not  fail  of  being  well  received 
hy  the  public  in  thia  age  of  mechanfeal  improvement  K 


*  For  aurthsr  inAMrmatiiiQ  upon  ibh  sulgect,  th9  reader  is  referred  t» 
fke  article  Cakpkmtry,  and  to  the  other  articles  where  this  subject  is 
ftreatcd  of*  ia  the  JMMmrgh  igwcycfe/aiis»  conducted  hy  Or  Bufmaa,  Be*' 
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4M.  Carmnvrt  »  Ibr  aft  of  franoMig  iimber  fer  tlHi 
fiarpoMtt  of  aDdUtMtiiMi^  nmkmwy,  mdf  in  g^Mimlf  f«r 
nil  eooflito'dUe  t  tmetMrel* 

•  It  it  net  intended  in  ibis  trUde  t»  gine  a  full  aiwust 
flf  caipttitrj  «8  a  Jivafcafiaxif  art,  or  to  d^sfsriN  tba  v^i* 
avB  wBfs  of  aiMutfAg  its  dtfTettal  workti»  suited  to  tbt 
variety  of  jOBHtoriab  tniploy«d«  the  prooesMwi  vbiob  wiat 
bo  foUovtd  far  iathioaii^  aod  famimg  tkoia  for  oar  pwp^ 
ptees,  and  tke  looli  whiA  mmt  iioaimi^  aad  tihe  mtoner 
in  vhich  tkej  mu«t  be  handM.:  Tki$  viipul4  be  a»  Ofv 
cnpatioafor  Yolumee;  and  though  of  gyeat  opportaoo^ 
nuiet  be  eatiiritf  omitted  hero.  Oar  oolj  urn  at  fvesM^ 
wiU  be  to  deduce^  from  the  prineipioft  and  laara  ^  «k^ 
chonios,  attd  the  knowkdfe  wfaicb  oxporieooe  oad  jaiii- 
aioiii  infeoenoet  frooi  ji  ha(ve  pvteo  ma  icooAemiag  the 
almngth  of  tAnber,  ia  leieliofi  to  the  9tc«Jo  Wd  oa  i^ 
auab  oioaiaw  of  cwMtritf  Um  a»  viH  uaifbe  eoonon^y  with 
atoength  and  efficacy. 
^    Vbtt  object  t»  to  iMi  attoamd  by  a  kaowlodxef  UU  of 

the  strength  of  our  materials,  and  of  the  absolute  strain 
that  is  to  be  laid  on  theip ;  Sdly^  of  the  modifications  of 
this  atraffOy  by  the  place  and  difection  ia  wUcb  it  is  ex- 
ortedy  and  the  chfuiges  that  can  be  made  by  a  proper  dis- 
position of  the  parts  of  our  structure ;  and,  Sdly,  having 
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disposed  etery  |>iee(^  in.  sddh  a  mmoer  -ait  to  dedve  ^thp 

utmost  advaotoge  /rom  its  rdAli^ejatraiigtii,  we  muat  ' } 

kno\v  hovir  to  form  the  joints  and  otl^er  \cqiiaeci|dQii8,  in 

such  a  miAH^  aaid.sQcuce  i[^«  adwui^tagcla  derived  from 

tj)i»  .disposi^$iia<     . 

49&  XUi9  is  evi^epJLly  Ji  bKiUich  af  laechabiAal  sei^tiir^ 
which  mii^9  carpentr/.ai&ro^  act,  cdnaiitutes  portoCifaf 
kacning  of  iim  £^flisKBCB,,aod  disdojBjtiiahet  him  from 
itli^  VitfJtiMQ.  Jtil  JmpfHPta^ce  in^UitiHMjp  apd  atateff.ioC 
1311^1  ^^ji^jr  ji«  maoi&«t  md  great  In lihe  preseotoflft- 
^itm  »f  J^e^^  Jli^i^gdbiM)  rfli^df  ^jr  jthci  tetbffi  inge^iiitgr 
^n^  §jQ$rjiy  irfc«Lur  m^f^ym^  .te  »  ilitdb  J>f.  jKespririAf 

^iliipi><¥)bM<^  fl^q^^Al^^  iffitb^/lHpedifeUy  of  Q«r.m^ 
/if^tW^i  9M^<ii/?d  bj  prpdi^^QW  oHdUiplinatioft  .of  leoginea 
ftf  i^Y^y  ^Htrtpliftfi*  find  ^^  ^fm  ^pepiA  of  Ja^|Mir»  thfi 

Sif^fffcft  /[sj»^9  Ifim  i^  ,pf  Q^FtifS^tfFjt  fB^  \iiiimn9^  catir 
4^)iei)Qe.  We  i^grAt  tix^l^f^ra  leffcftedioglf,  «Uat  n<{ae 
of  our  eelebrated  at-tists  have  done  honour  to  thenl$bli:eii 
»nA  tbe^  .c;of9trjry  iby  ^Igf sting  into  aibody  of '^otisecu- 
ij(V/e  Api^m^ti^  i?^i^  ftf  their  great  e^iieriencei  ao  ai» 
to.(€|r«^  #  fyl^^vi  frfNn  whijcfa  Iheir  pupik  tiiightderivp 
1^  fillet  pxiniQip^  'of  iUieJr  ediieation.  The  JDaay  vix- 
Jli^o^ef  ^M  Sio^ttuj^T$  Ijff TRvc7l>BA,  (Majh^aui,  Jairxiis^ 
&fr.  trine  ^  ^ncb  JbiyDbler  (ligbt,  and.  conieoit  tbetaHelves 
with  instructing  the  mere  workman^  or  jometiqies  givfi 
^e  Aifi^c^  i)uildlsr  h  few  apprpved  foripa  of  I'dofs  slnd 
^(t^ef  frf^Qiiqgs^  wtb  .the  rules  iiftr  dramog  tham  oa 
p^pii^ ;  ^  ftpq^  ibenpft  foripivg  <the  working  ^raughta 
wjii^i  inpjft  gHide  th^.faw  and  the  cl^el  of  the  Work* 
j^n, .  I^wcdi jT  #py  pf  tJtofn  offer  any  thing  f  that  can  be 
c^1(Bd  a  principle^.  applicaUe  to  many  pa^ttlieular  jcases* 
with  ti^  r^l^s  /or  jthia  adaptation.  We  .  are  indebted  for 
tfke  gre^^eit  pyir^.of  our  .knowledge  of  thia  pubject  to  the 
labours  of  literarjr  men>' chiefly,  foxeigners,  who  haw t 
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published  in  the  memoirs  of  the  learned  academies  disfler" 
tations  on.  different  parts  of  what  may  be  termed  the 
9cience  of  carpentty* 

496.  The  theory  of  carpentry  is  founded  on  two  dia^ 
tinct  portions  of  mechanical  science,  namely,  a  know- 
ledge of  the  strains  to  which  framings  of  timber  are  ex- 
posed, aid  a  knowledge  of  their  rtUuive  strength. 

We  shall  therefore  attempt  to  bring  into  one  point  of 
▼iew  the  propositions  of  mechanical  science  that  are 
aaore  immediately  applicable  lo  the  art  of  carpentry,  and 
$re  to  be  found  in  various  parts  of  thu  work,  particularly 
under  Soof  and  Strength  of  MateriaU.  From  these  pro- 
positions we  hope  to  deduce  such  pruciples  a»  shall 
enable  an  attentive  reader  to  comprehend  distinctly  wl|at 
is  to  be  aimed  at  in  framing  timber,  anrf  how  to  attain 
this  object  with  certainty:  and  we  shall  illustrate  and 
confirm  our  principle^  by  examples  of  pieces  of  carpen- 
try Whidi  are  acknowledged  to  be  excellent  in  their 
kind. 

•  _487.  Tbemort  important  proposition  of  general  me- 
cSianics  to  the  carpenter  is  that  which  exhibits  the  com- 
position and  resolutioti  of  forces ;  and  we  beg  our  prac- 
tical readers  to  endeavour  to  form  very  distinct  concep- 
tions of  it,  and  to  make  it  very  familiar  to  their  mind. 
When  accommodated  to  their  chief  purposes,  it  may  be 
thus  expressed : 

1.  If  a  body,  or  any  part  of  a  body,  be  at  once  pressed 
in  the  two  dnrections  AB,  AC  (Plate  VI.  fig.  1 ),  and  if  the 
intensity  or  force  of  those  pressii^s  be  in  the  proportion 
of  these  two  lines,  the  body  is  affected  in  the.  same  man- 
ner as  if  it: were  pressed  by  a  single  force  acting  in  the 
direction  AD,  which  is  the  diagonal  of  the  parallelogram 
ABDC  formed  by  the  two  lines,  and  whose  intensity  fa^ 
the  same  proportion  to  the  intensity  of  each  of  the  other 
two  that  AD  has  to  AB  or  AC. 
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Sttbh  of  our  readei^s  as  hare  studied  ih^  IaWb  bt  tnotiofl; 
know  that  this  is  fully  demonstrated.  We  refer  thetti  td 
the  article  Dyivamics,  where'  it  is  treet'ecl  at  some  length. 
*rhe  praljtitfoner  in  carpentry  will  get  more  useful 
confidence  in'  the  doctriii%)  if  fie  will-  shut  his  boblt^ 
and  Verify  the  theoretical  demonstrations  by  actual  ex* 
periments.  They  are  remarkaMy  easy  and  convince 
ing.  Therefore  it  is  ddr  request  that  the  artist,  who  is 
not  so  habitually  ac^iiainte^d  with' the  subject,  dd  not 
proceed'  Airther  till  he  has  made  it  quite  ikmillar  to  hia 
thoughts.  Nothing  is  so  'Conducive  to  this  as  the  ac^ 
ttal  experiment ;  and  sinci6  'this  only  reqtflres  the  trifling 
expence  of  two  small  pulleys  aiid  k  ftw  yards  of  whip^ 
cord,  we  hope  that  non6^  pf  our  practical  readers  will 
omit  it. 

2.  Let  the  threads  A  cf,  AF  fc,*  dtid  AE  t  (fig.  2.),  har« 
the  weights  d,  &,  and  t^  appended  to  them,  and  let  two 
of  the  threads  be  laid' over  the  pulleys  F  and  £«  By  this 
apparatus  the  knot  A  will  be  drawn  in  the  directions  AB^ 
AC,  and  AK.  If  the  sum  of  the  Weights  b  and  c  be 
greater  than  the  single  Weight  d,  the  assemblage  will  of 
itself  settle  in  a  certain  de^termined  form  $  if  you  pull  the 
knot  A  out  of  its  place,  it  Will  always  return  to  it  again^ 
Atid  will  rest  in  no  other  position.  For  example,  if  thd 
three  weights  are  equal,  the'  threads  wilt  always  make 
equal  angles,  of  180  degrees  each,  round  the  knot.  If 
one  of  the  weights  be  three  pounds,  another  four,  and  the 
third  five,  the  angle  opposite  to  the  thread  stretched  bj 
five  pounds  will  always  be  square,  &c.  When  the  knot 
A  is  thus  in  equilibrio,  we  must  infer,  that  th^  action  of 
the  weight  d,  in  the  direction  A  d,  is  in  dir^t  <^position 
to  the  combined  action  of  b',  in  the  direction  AB,  and  of 
c,  in  the  direction  AC.  Therefore,  if  we  produce  d  A  t9 
any  point  D,  and  take  AD  to  represent  the  magnitude  of 
the  force,  or  pressure  exerted  by  the  weight  d,  the  prei^ 
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$arw  exierted  pn  A  t>j  the  .^eights  b  and  c^  io  jy|^e  ifirec- 
tioot  AB,  AC»  IV*e  in  fact  equivalent  to  a  pressure  acting 
in  the  direction  AD^  whos^  injt^nsity  wehaye  represented 
by  AD.  If  w$  no^  measure  off:  bj  a  scab  ^n  AF.  and 
AE  the  lines  AB  wd  AC>  ha^ipg  the  same  pyn;»p«r$ioQ9 
to  AD  that  the  w^igl^l^  i^  ?nd  c  jb^ye  to  ^e  weight  ^  ^4 
if  we  drayr  DB  a^d  DC,  we  f hal^  find  I^  to  l>e  equa^ 
and  parfJlel  fco  AB,  »pd  DB  f q^aj  an^  p^^lel  to  AC ; 
$o  that  AD  is  the  diagopaf  pf  a  paraUplograoi  API>C. 
5Ve  shall  fi»d  thi?  ajwajs  ^9  hp  ^e  cas^  w^teyer  are  th? 
weights  made  :use  of;  pnly  yr^  mi;st  toke  care  t^iat  th^ 
weight  which  Yf^  c^use  to  ^f$  witjiout.  the  i^f^pvention  of 
a  pulley  be  le99  thaA  th^  f  urn  pf  the  other  ^wp :  if  any 
one  of  the  ^^^jights  excj^eds  ^e  sum  of  the  pjiih^  two,  it 
will  prevail,  and  drag  them  along  with  it 
'  iNow,  «iDp^  ^e  know,  that  the  weighs  d  you^  just  ba- 
lance ap  eqy^al  weight  f ,  pulling  directly  upwards  pj  thf 
interrentipp  of  the  pulley  (r ;  and  since  jre  see  tb^ t  i( 
just  balance^  the  wpjgh^s  b  ^n4  h  acting  in  the  dire^tionf 
AB,  AC^  we  must  infer,  that  t^e  kpot  A  is  affected  in 
the  same  m^n^^  hy  those  two  weights,  of  hy  the  single 
weight  g;  and  therefore,  that  two  presaurts^  ojUing  in  ih 
directi(ms%  afi4  ^if^  'Ac  ifUensilWf  AB,  AC,  are  tquiwilatf 
to  a  single  pressure  ^aviv^  the  direction  an4  proporlfon  of 
AD.  In  like  i^anner,  the  pr^ures  AB,  A$,  are  ^uijra* 
lent  to  AH,  which  is  equal  and  opposite  to  AC.  Also 
AK  and  AC  are  equivalj^Qt  tp  A  J,  which  is  equal  afid  op- 
posite to  AB. 

498.  We  shall  consider  this  coipbinatiop  of  pnessures  a 
little  more  particularly. 

Suppose  an  upright  beam  BA  Fig.  3.  pushed  in  the 
direction  of  its  length  by  a  load  B»  antd  abutting  pn  the 
ends  of  two  beams  AC,  AD,  which  are  firmly  resist  at 
their  extreme  points  Cand  D9  which  rest  pn  twp  blocks, 
but  are  nowise  joined  to  them :  these  two  beams  cap  re- 
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Al  M  way  biKt  In  itlie  directions  C  A,  0A ;  ind  tHerefore 
Ae  ](»re8sure8  which  they  sustain  frohl  thcl  beam  BA  are 
in  the  directions  AC,  AD.  We  wis6  to  know  tidw  miicV 
each  sustains  9  Produde  BA  to  E,  talking'  Ae  ffom  a 
8cal<e  of  equaf  parts,  to  repriS^ent  th^  numBef  of  tons  of 
pounds  5y  which  B'A  U  pressed,  Draw  £B*  and  EG; 
{>arAlleI  to  AD  and  AC  ;  then  A!F,  measured'  on  t%'e  sanie^ 
scafe,  will  give  us  the  nui^ber  dt  pounds  fijr  which  At^ 
is  dtraineU  or  crushed,  and  AGr  wiu  give  the  strain  ont- 
AD. 

It  deserves  particiiYar  remark  here,  that'  ihe  lengtli  iit 
A.C  or  Ad  lias  no  influence  on  the  strain,  arisi\ig  froni 
fhe  thrust  of  BA,  while  the  dii^ections  remain  the  same. 
The  efl(iects,  .however,  of  this  strain  are  moiiified  by  the 
ifengtn  of  t^e  piece  oh  which  it  is  exerted.  This  strain 
compresses  the  beam,  and  will  therefore  compress  a  beaixi 
of  double  length  {wice  as  mucli',  ThiV  may  change  the 
form  of  the  assemblage.  If  AC,  for  emtmple,  be  very 
much  short^e'r  ttian  AD,  it  wiu  be  m'uc£'  less'compressect: 
The  line  CA  will  ^urn  about  tlie  centre  C,  w)iil'e  X)A  witt 
hardly  cliange  its  posilion  ;  and  tVe  angle  C At)  witt  £row 
more  open,  the  point  A  sinking  4own.  The  artist  wilt 
find  it  of  great  conseauence  to  pay  a  very  minute  atten- 
tion to  this  circumstance,  and  to  be  able' to  see  clearly  the 
change  of  shape  which  necessarily  results  from  these  mu- 
tual strains.  He  will  see  in  this'  the  cause  of  failure  ini 
many  very  great  works.  By  thus  changing  shape,  strains 
are  often  produced  m  places  where  there  were  none  be- 
fore, and  frequently  of  tlie  very  worst  kih^,  tbncling'td 
breal^  thie  beams  across.  , 

The  dotted  lilies  qf  this  figure  shew  ailother  position 
of  the  i^eam  AD^.  l^Ki^^makes'  a  prodigious'  chaoge,  not' 
only  in  the  strain  on  Aiy,  but  also  in  that  on  AC.  Botli 
of  them  are  much  increased ;  AG  is  almost  doubled^  and 
AF  is  four  times  greater  tnah'  before.     This  ailiiition  1ra& 
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made  to  the  figiife»  to  sbew  what  enormous  strainfl  may 
be  produced  hj  a  very  moderate  force  AJ^,  when  it  is; 
^zerted  on  a  yerj  obtuse  angle. 

The  4th  and  5tb  figures  will  assist  the  most  uninstn^ct- 
ed  reader  in  cx)nceiving  how  the  verj  same  strains  AFy 
AG-,  are  laid  on  these  beams,  hy  a  weight  simply  hang- 
ing from  a  billet  resting  on  A9  pressing  hard  on  AD,  and 
also  leaning  a  little  on  AC  ;  or  by  an  upright  piece  AE, 
joggled  on.  the  two  beams  AC»  AD,  and  performing  the 
office  of  an  ordinary  king-post.  The  reader  will  thus  learn 
to  call  o|r,  bis  attention  from  the  means  by  which  the 
strains  are  produced,  and  leam  to  consider  them  abstract- 
edly, zperely  as  strains,  in  whatever  situation  be  finds 
^em,  and  from  whatever  cause  they  arise. 

We  presume  that  every  reader  will  perceive,  that  the 
proportions  of  these  strains  will  be  precisely  the  same  if 
^very  thing  be  inverted,  and  each  beam  be  drawn  or  puU- 
^  in  the  opposite  direction.  In  the  same  way  that  we 
have  substituted  a  rope  and  weight  in  Fig.  4.  or  a  king- 
post in  Fig.  5,  for  the  loaded  beam  BA  of  Fig.  3.  we  might 
have  substituted  the  framing  of  Fig.  6.  which  is  a  very 
usual  practice*  In  this  framing,  the  batten  DA  is  stretch- 
ed by  a  force  AQ-,  and  the  piece  AC  is  compressed  by  a 
force  AP-  It  is  evident,  that  we  may  employ  a  rope,  or 
an  iron  rod  hooked  on  at  D»  in  place  of  the  batten  DA^ 
and  the  strains  will  be  the  same  as  before. 

This  seemingly  simple  matter  is  still  full  of  instruction; 
and  we  hope  that  the  well  informed  reader  will  pardon 
ys,  though  we  dwell  a  little  longer  on  it  for  the  sake  of 
the  young  artist. 

By  changing  the  form  of  this  framing,  as  in  Fig.  7.  we 
produce  the  same  strains  as  in  the  disposition  represented 
by  the  dotted  lines  in  Fig.  3.  The  strains  on  both  the 
battens  AD,  AC>  are  now  greatly  increased. 

The  same  consequences  result  from  an  improper  change 
of  the  position  of  AC*    If  it  is  placed  as  in  Fig.  8.  thQ 
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•traiM  on  both  tre  rsMfy  increased.  In  short,  ^he  rule  » 
general ;  that  the  more  open  we  make  the  angle  agaimt 
which  the  push  is  exerted,  the  greaiter  are  the  strains 
which  are  brought  on  the  strutts  or  ties  which  form  the 
sides  of  the  angle. 

The  reader  may  not  readily  conceive  the  piece  AC  of 
Fig.  8.  as  sustaining  a  compression ;  for  Ihe  weight  B  ap^ 
pears  to  hang  from  AC  as  much  as  from  AD.  But  his 
doubts  will  be  remored  bj  considering  Whether  he  could 
ensploj  a. rope  in  place  of  AC.  Re  cannot :  But  AD  mvf 
be  exchanged  for  a  ropei  AC  is  therefore  a  strutty  and 
not  a  tie.  > 

In  Fig.  9.  AD  is  again  a  stnitt,  butting  on  the  block  D,* 
and  AC  is  a  tie :  and  the  batten  AC  may  be  replaced  by  tf 
rope.  While  AD  is  compressed '  by  the  force  AG,  AC  is 
stretched  by  the  force  AF. 

If  we  give  AC  the  position  represented  by  the  dotted 
lines,  the  conpression  of  AD  is  now  AG^,  and  the  fcH*ce 
stretching  AC  is  now  AP ;  both  much  greater  than  they 
were  before.  This  disposition  is  analogous  to  Fig.  8.  and 
to  the  dotted  lines  in  Fig.  S.  Nor  will  the  young  artist 
have  any  doubts  of  AC  being  on  the  stretch,  if  he  con-> 
aider  whether  AD  casi  be  replaced  by  a  rope.  It  cannot, 
but  AC  may;  and  it  is  therefore  not  compressed,  but 
stretched. 

'  In  Fig.  10.  ail  the  three  pieces,  AC,  AD,  and  AB;  are 
ties,  on  the  streteh.  This  is  the  Complete  inversion  of 
Fig.  3. ;  and  the  dotted  position  of  AC  induces  the  same 
dianges  in  the  forces  AP,  A6%  as  in  Fig.  3. 

Thus  have  we  gone  over  all  the  varieties  which  can 
happen  in  the  bearings  of  three  pieces  on  one  point.  All 
calculations  about  the  streuj^  of  carpentry  are  reduced 
to  this  case:  for  when  more  ties  or  braces  meet' in  a  point 
(a  thing  that  rarely  happens),  we  reduce  them  to  three, 
by  substituting  for  any  two  the  force  which  results  from 
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their  eoqlVinaftktt^tlnd  thmcoitiMliBg  Hm  with  anotheF  $ 

,  The  yctQDf  ariut  muH  be  purtioiIaH/  eareM*  nUf  to 
mistake  the  kind  Of  strain  that  i9  eaEeifed  ori  any  pidoe 
of  the  framing,  and  suppose  a  piece  to  bfe  a  brrtx*  which 
is.really  a  tie. :  Jt  la  very  <luif:to»aToid  all  mtstdceii  in. 
this  matter  by  the  folIoWlBg  rulei  whidi'  haa  .no  l^eejl^ 
tiati. 

489.  Tate  lioltice  of  fte  dinfctioft  in  wbi^th  the  piece 
a€t9  fn>m  which;  the  strain  proibe^s;  Draw  a  line  in  that 
dir^tioB  /rof»  -the  point  on  which  the.  strahi  is  elerted; 
and  let  its  length  (measured  on  some  scale  of  equal  parts) 
egcpress  the' magnitude  of  this  aetidn  in  (lOlilldiQhiiiftlr^s, 
or  tons.  From  its  rpn»ie  extreikiii^  draw  libes  parallel  lo 
the  (rieoes  on  which' the  :strain  is  eierted.  ThU  Jine  pa* 
rallei  to  one  piece  will  necesaidrily  oiitthii'othdr^  of  its 
direction  produced :  If  it  cut  the  piecd  itSalsIf,  that  piece  is 
compre9s^  by. the  strain,  atfd  it!  is  ptoforaaBg  tU6  officd 
of  4  striitt  or  brace':  if  it  elit  jii'directioh  {Mdodad,  tba 
pie^e  is  stretched,  and. it  id  a  C!<.  In  skiaH,  the  strains  on 
ihiQ  pieces  AC,'  APi  iMne  to  be  ^Stjoi^ted  i*  the  dkedSoo 
pf  the  points  F  and  G  from  iht  st^iintd  point  A.  Thus; 
ia  Fig.  3.  the  upright'  piece  BA,  leaded  with  the  weight 
B,  presses  the  point  A  in  the  dlrciCtiOn  <AE :  sp  dm^  th^ 
rope  AB  in  the  other  figures,  or  the  batten  AB  id  Figt5. 

In  general,  if  the'strainiqg  pibce  is  within  th<  ^ifgle 
formed  by  the  pieces  which  are  strained,  the  strKms  wbidi 
they  sustain  are  of  the  opposite  ^ind  to  that' which' it  tx^ 
^rts.  If  it  be  pushing,  they  are  drawing ;  but  if  it  be 
within  the  angle  formed  by  their  directions  produced;. the 
strains  which  they  sustain  are  of  the  same  kind.  All  the 
three  are  either  drawing  or  pressipg^  If  the  straining 
piece  lie  within  the  angle  formed  by  one  piece  and  th^ 
produced  direction*  of  the  other,  its  own  strain,  whether 
pmpression  or  extennon^  is  of  the  san^ie  kind  with  thajt 
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^•iA9st;>F8mbtedl  iht  other  fc)»Q/!iMl  d^sitil  ta  tibt 
of  itUer  .neacrilt.'  TfauiT,' Ai  P%;  »;>whtti^  ilBis  ArmtiHj^ 
the  i^oiDte  fSeoeJIC  is  aisfi^  6nwiAg/.  wihile  Ai>A8i[Aidiw 

In  all  that  has  .been  said  on  this  iitjSct^^  ^^e  .bav^e  not 
spoken  of  any  joints.  In  {he  calcuhAiods  with  which  we* 
are  occupi^  at  preserit^  tfe  resisfanbe  of  joiirtt  has  n(» 
riiare ;  dad  ^^'taiiit  not  suppose!  IhattbeftiDert  nviy  Fdrcv 
which  tendi  4o  prey^Ht  the  eiigl^s  :tiata  eUkgitkgj  ,^h\i 
joints  afe  shpfkned  perfectly  flexible;  or  to  M  liki^com* 
ptiU  joints  ?  fhe  piki  df  4r^icU  otiljr  JEee|)A.tbe-  ptoebs'tA^ 
tber  when  one  dr  dtore  of  the  ]^ieck^  difawr  or  pollir;  *lte 
ear^tehr  must  alwilys'  sbp^ose:  tkeirf  att  oompm  jcUlts^ 
#ft§n  he  calcofartes'ibe  thrusts  and-iirai^hft  b^  thV  dHflnii 
eiit  pieces  of  fair  frafaifek.'  Tfie-straibs  on'joih<y,  andtfa^ 
powbr  to'  j^rodnce  or  balance'  thefaay  are  of  a  dQIbr^nt  l^ind^ 
taB  requite  a-^very  dilRireiit  espaluioatipa; 
:  Stib.  £Ae\ng  th%i life  ongM wfii^ttfaa  pieedrmUKwMl 
•Mb  cilak  are  of  ibdx  imporiaiieb  to  the  dmgttitudK  flniii 
the  proportion  of  th^  ex<fited.  stfasns^*  it  is  fitopet  lib  fiwl 
odk  joiimf  mfay  of  reafiij  and  co|apmdi0iniy  cdno^ing 
and  espressitt^  tliis.  abalogy*. 

-  ill  gt^ralt'  the  sti^hi  on  any  jjUece  is  proporiioitml  to 
tfie  sllbunbg^  force.  Thll  ii  evidelit: 
.  Seeomtt}%  tht^  straih  en'  ahy  ptec^  AC  is*  proportional  fo 
the  sinie  it  tisp  eat^e  i^Kich  ihe  straiqiBgi  fisrce  makes  44itll 
the  other  piece  directly)  and  to  the  sine  of  the  angle  wKldl 
(b^  pieces'  dsa|e  with '  feaeft  otbfr  inveisely. 

F<iF  it  is'pUliiiy  tba^  the  thi^  jlreskur^  AE,  AF^aild 
AG-)  wbibh  are'eterted  at  the  poinr  J^  ai*e  in'  the-^pt'oc 
p6i'tfanr6f  flie  Vo^  AB,  AW^  andiPE,  (beonise  PE  ii 
eqbal  to  AO).  But  betattse  tiik  ddhs  of  ir  triuglj?  are 
proportional  to  thtf  siQ^  of  the  opposite  an^les^  the 
strains  are  pnqlortbnd'  to  the  Aifes  of  die  attgles  AFJ^ 
A£F,  alid  PAE.  But  tU^  sine  of  AP£  is  the  same  wiA 
the  sine  of  the  an^e  OAB^  whicft.  the  two  ^eces  AC  an^ 
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AD>  Biake  with  eieb  other ;  and:  thelriite  of  ;^F.  ig 
the  S8IM  with  the.  sine*  of  £AD» .  which  the  straining 
piece  BA  makes  with  the  piece  AC.  Therefore  we  have 
this  analogy.  Sin.  CAD  :  Sin.  EAD  <=•  AE  :  AF,  and 

^  -rm      » «-«     Sin;  GAD     ^..-r      . .      •        ^        i 
AF  =  AE  X  ^. — tttf;*    Now  the  sine  of  angles  are  most 

Sui.  CAD  '     .  *? 

eonreniently  conceived  ais  decimal  fractions  of  the  radiui^ 

wUch  is  considered  as  unity.     Thas,  Sin,  30^  is  the  same 

thing  with  0.5«  or ^;' and  so  of  others.     Therefore,  ta 

have  the  strii^a  on  AC»  aming  frons  anj  load.  AE  acting 

ill  the  direction.' A£,  multiply  AE  by  the  sine  of  EAD^ 

and  divide  the<  product  by  the  sine  of  CAD. 

^  This  .rale  shews  how  great  the  strains  must  be  when 

the  single  CAJD  becomes  very  opea^  approaching  to  180 

degrees.     Biit  when  the  angle  CAD  beoomes  very  smaD, 

ifB  sine  (which  is  our  dLirisor)  is  also  very  small ;  and  we 

should  elpect  a  very  great  quotient  in  this  case  also.    But 

we  must  observe,  that  in  this  case  the  sine  of  EAD  is 

sJso  very  small ;  and  tbb  is  our  multiplier.    In  sudi  m 

ease,  the  quotient  cannot  exceed  unity. 

But  it  is  unneoessac/  to  consider  the  calculation  hj 
the  tables  of  sines  more  particularly.  The  angles  are 
seldom  known  aby  otherwise  but  by  drawing  the  figure 
of  the  frame  of  carpentry.  In  this  case,  we  can  idwaji 
obtain  the  measures  of  the  strains  from  the  same  scale^ 
with  equal  accuracy,  by  drawing  the  parallelogram 
AFCG.  • 

601.  Hitherto  we  have  considered  the  strains  excited 
at  A  only  as  they,  affect  the  pieces  on  which  they  are  ex* 
erted.  But  the  pieces,  in  order  to  sustain,  or  be  subject 
to  aoty  strain,  must  be  supported  at  their  ends  C  and  D ; 
and '  we  may  consider  them  as  mere  intermediums,  by 
wbicb  these  strains  ^re  made  to  act  on  those  points  of 
9upp6rt :  Therefore  AF  and  AG  are  dso  measures  of 
the  forces  which  jH'ess  or  pull  at  C  and  D.  '  Thus  wa 
learn  the  si^iports  wbich  must  be  found  for  these  pointa» 
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Theae  magri  be'infifiitely!  ▼ttfiout;  .^  Wtf  sIikH -attend  onlj. 
|o  such  as  soB^how  depaid  on  the  fraoBiog,  jUelil 

$02.  Such  iftiAtnicture  as  Fig.  11.  very  freqtientlj  ac-* 
airs,  where  a  heam  BAis  stron^y  pressixl  to  tfaaend  of 
ailotbef  beiMn  AD,  which  is  prevented  from  yielding,  both 
beeause  it  lies  on  another  beam  HD,  and  because  its  ea4 
D  Is  hindered  &om  slidiqg  backwards.  Jt  is  indifferent 
from  whai  t^  *  pressiye  sirises : .  we  have  represented  it  ae 
•wing  to.  a  weight  bung  oa  at  fi,  while  B  is,  iwithheU 
from  yielding  by  a  rod  or  rope  hooked  to  the  walL  The 
hl^am  AD  inay  be  supp^^  %i  Ml  liberty  to  egcert  all  iU 
p^ssure  on-  D,  as  if  it  were  supported  on  roller^i  lodged  ia 
the.  beai^  ^D ;  but  the  loacfed,  b^un-  BA  presses  both  on 
the  beam  A^*  affd  on  HD.  We  wish  .only  to  know  what 
jltrain  is  bornej  by  AD  ?      •    : 

^  AU.bcKlieil  act:On  each  other  in  the  direction  perpea** 
dicular  to  theii:  touching  suirfaces;  therefore  the  support 
given  by  HD'is  in  a  .direction  perpendicular  to  it  We 
may  therefore  aupply  its  place  at  A  by .  a  b^ftm  AC,:  per- 
pendicular to  HO,  and  firmly  supported  at  C  In  tli^ 
ease,  tberefoi^,  we*.may  take  A£  as  before,  to  represent 
the  pressure,  exerted  .by  the  loaded  beam,  and  draw  EG 
perpendicular  to  AD,  and  £F  parallel  to  it^  meeting  the 
perpendicular  AC  in  F.  Theb  AG  is  the  strain  com- 
pressing AD,  and  AF  ia  the  pressure  on  the  beamr  HD. 

503.  It  may  be  thought,  that,  since  we  assume  as  a 
principle  that  the  mutual  pressures  of  solid  bodies-are  ex- 
erted {>erpendicular  to  their  touching  snrfac^s^  this  ba-^ 
lance  of  pi*essures,  in  framings  of  timbers,  depends  on  the 
directions  of  thetr  butting  joints :  hot  it  does  not,  as  will 
readily  appeal:  by  considering  the  present  case.  Let  the 
joint  or  abutnient  of  the  tiyo  pieces  BA,  AD,  be  mitred, 
in  the  usual  ms^ner,  in  the  direction /A/'.  Therefore, 
if  A  e  be  drawn  perpendicular  to  A/,  it  will  be  the  di- 
rection of  the  actual  pressure  exerted  by  the  loaded  beam 
BA  on  the  beam  AD.    But  the  rtactiou  of  AD,  in  the 


opposite  Aieedtoti  A  f,  wifl  not  bahmee  ihe  pTMUre  of 
BA ;  because  it  is  not  ift  th«  dbrection  precis^  opJMtite. 
FA  will  therefore  slide  dong  the  joint,  and  press  on  the 
lieam  HD.  AE  represeptft  <3ie  load  on  th^  mitre  joint  A.' 
Draw  E  e  perpendicttliir  to  A  f»  and  E/  ptfraifet  to  it. 
The  pressure  AE  will  be  balanced  by  the  reactions  e  A 
and  /  A :  or,  tlie  pressure  AtS  product  the  pressur^  A  i 
and  A/;  of  whidi  A/  must  be  resisted  b^  the  beaoi 
HD,  and  A  e  bj  the  beam  AO.  Tthe  pi*es^u^  A/  not 
being  perpendicular  to  HD,  cannot  bift  fillly  resisted  by 
it ;  because  (by  our  assumed  principle)  it  reacts  only  inl 
a  direction  per|iendicular  to  its  surface*  Therefore  draW 
fp^  ft  pandlel  to  HD,  and  perpendicular  to  it  Thi 
][»ressure  Af  will  be  resisted  by  HD  with'  f^(6reepAi 
but  there  is  required  another  force  t  A,  to  prevtet  th^ 
beam  BA  from  slipping  outwards.  Thili  must  be  for* 
nlshed  by  the  reaction  of  the  beam  i)A.  Ito  lik^  iiianner, 
tlie  oth^  force  A  e  cannot  be  fully  resisted  by  th^  be^td 
AD;  or  rather,  by  the  prop  D,  acting  by  th<e  iiit^i^ntiod 
of  the  beam ;  for  the  action  of  that  prop  is  exerted  througil 
the  beam  in  the  directioii  DA.  The  beam  AD,  theinefore, 
h  pressed  to  the  beam'  HD  by  the  force  A  e,  as  well  as 
)>y  A/.  To  find  what  this  pressure  on  HD  is,*  draw  e  g 
perpendicular  td  HD,  and  eo  parallel  to  it,'  <^utting  EG 
in  r.  The  forceii  g  A  ai|d  <»  A  will  resist^  anil  bahnc^ 
A  f  • 

Thus  we  see,  that  the  two  forces  A  e  and  A/  which 
are  equiyalent  to  AE,  are  equi^altot  also  to  A  p,  A  t; 
A  o,  and  A  g.  But  because  Af  and  e  E  are  eqilal  aiid 
parallel,  and  E  r  and/t  are  also  parallel,  as  also  cr  and 
fpy  it  is  evident,  that  if  is  equal  to  r  E;  dr  td  4^  F^,  and 
i  A  is  equal  to  r  f,  or  to  Qg.  Thcar^fore  the  four  fdttes 
Ag,  Ao,  Ap,  A  I,  are  equal  to  AG  aad  a!P,  Codsei 
quently  AG  is  the  compression  of  the  beam  AD,  or  th^  fbrce 
pressing  it  on  D,  and  AF  is  the  force  pre^ng  it  oq  the 


^enm  HQ«    -The  propoitUp  pf  ^eae  pre8suriHr»  th^re&re^ 
10  pot  #i$c!^  Ijijr  ihe  form  of  (be  joint. 

T|iU .  reimr^  i^  {mportmt ;  fi^r  manj  ciirpentcar^  think 
Ijii^/arin  w4  idireciioii  of  thj?  biitti»g  joint  of  gr?4t  imi> 
portioice ;[ .  wd  qv^9  Uie  theorist^  bj  not  prosecuting  the 
geiien4  prindp^e  through  ^  ita  coofleqiienoe^y  p»ay  be  led 
llDijtQ  An  ejtpof.  The.  form  of  the  joint  19  of  no  inpport- 
ance,  jn  as  &r  m  it  aflSscU  the  strains  in  the  direel^Qii  of 
the  beam^ ;  bjut  it.  i$  often  of  great  consequence,  in  re- 
0t>e<;t  to.  jt^  own  firmneap,  and  the  effect  it  may.  have  io 
bnwing  tbfi  piece  on  which  it  ads,  or  being  criptded  bj 

it  . 

^Df.  The  WB/^  comq^refl^ioa  t^.  AB,  and  the  same 
^Ifusl;  on  the  point  D  *  bjr  the  wlervention  of  AD, .  will 
obtain,  in  w^atCLver  way  tke  original  pressure  on- the  end 
A  it*  pjQoduced.  Thus  suppoaing  ifaat  a  chord .  is  made 
fiiat  at  A,  and,  pulled  in  the  dhredtiop  aAE,  and  viththe 
aanke  forqe;  the  beam  AD  iw3l  be  equally  -  compassed, 
and  the  .prop  p  must  react  With  the  same  fovc^ 

But  it  often  happens  that  the  obliquity  of  the  pre^ 
aure  on  AD,  instead  of  coippressing  it,  stretches  it ;  and 
.we  df  sine  to  know  what  tension  it  sustains.  Of  this  we 
have  A  familiar  example  in  a  common  roof.  Let  the  two 
xaflers  AC,  AD  Fig.  18.,  press  on  the  tie-beam  DC.  We 
may  suppose  the  whole  weight  to  press  vertically  on  the 
lidge  A,  as  if  a  weight  B  were  hung  on  there.  We 
may  represent  this  weight  by  the  portion  A  &  of  the 
vertical  or  plumb  line,  intercepted  between  the  ridge  and 
the  beam*  Then  drawing  b  f  and  Ag*  parallel  to  AD 
and  AC,  A  g  and  Af  will  represent  the  pressures  on 
AC  and  AD.  Produce  AC  tiU  CH  b^  equalto  A/.  The 
point.  C  i^  forced  out  in  thi^  direction^  fmd  with  a  force 
represented  by  this  line.  As  this*  force  is  not  perpendi- 
cularly  across  the  beam,  it  evidently  stretches  it;  and 
this  extending  force  must  be  withstood  by  an  eqnal  force 
pulling  it  in  the  opposite  direction,    ^hia  must  arise  frosi 


a  similar  oblique  thnisi  bf  <^he  opposite  ^rafter  on  tte 
other  end  D.  We  concern  ouf selves  onlf  With  this  eJt* 
tension  itt  present;  but  we-s^  that  the  cohesion  of  the 
beam  does  nothing  bat  supply- the  balance  to  the  extend-* 
ing  forces.  It  must  stills bd  supported  extemaUy,  that  it 
may  remity  and,  hj  resisting*  obliquely,  be  stretched. 
The  points  C  and-  D  im*6  supported  on  the  walls/  which 
Ihey  press  in  Ike  directions  CK  and  DO,  parallel -to  A  bi 
If  we  draw  HK  parallel  to  BC,  and  HI  parallel  to  GK 
(that  is,  to  A  b}t  meeting  DC  produced  in  I,  it  foHot^s 
from  th§  composition,  of'  forces,  that  the  point  C  Would 
be  supported  by  the  two  forces  KC  and  IC.  In  like 
manner,  making  DNsr  A^,  and  completing  the  jparaU 
lelogram.DMNO,  the  point *D  would  be  supported  by  the 
forces  OD  and  MD.  If  we  draw  g  o  and/  k  paridlet  to 
DC,  it  is  plain  that  they  are  equal  to  NO  and  CK;  wfaife 
A  o  and  A  &  are  equal  to  DO  and  CE,  ^nd  A  i  is  equal 
to  the  sum  of  pO  and  -CK  (because  it  is  equal  to 
A  o  +  A  ft.)  The  weight  of  the  roof  is  ^ual  to  its  ret^ 
ixeai  pressure  on  the  walb.    . 

Thus  we  see,  that  while  a  pressure  on  A,  in  the  direc« 
tion  A  bj  produces  the  strains  A/ and  A^,  on  the  pieces 
AC  and  AD,  it  also  excites  a  strain  CI  oi*  DM  in  the 
piece.  DC.  And  this  completes  the  mechanism  of  a 
frame ;  for  all  derive  their  efficacy  from  the  triangles  of 
which  they, are  composed,  as  will  appear  m<Me  clearly  as 
we  proceed. 

505.  But  there  is  more  to  be  learned  from  this.  The 
consideration  of  the  strains  on  the  two  pieces  AD  and 
AC,  by  the  action  of  a  force  at  A,  only  shewed  them 
as  the.  means  of  pn^uigating  the  same  strains  in  their  own 
direction  to  the  points  of  support*  But,  by  adding  the 
strains  exerted  in  DC»  we  see  that  the  frame  becomes  an 
intermedium,  by  which  exertions  may  be  made  on  other 
bodies,  in  certain  directions  and  proportions ;  so  that  this 
frame  may  become  part,  of  a  more  complicatod  one^  and^ 
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•«  it  were,  an  elemeM  of  Its  obnsUtiittini.  -It  it  wortk 
while  to  ascertain  the  proportion  of  the  pressures-  CK  and 
DO,  which'  are  iUds  elerted  on  the  wdk  The  simi- 
larity of  triangles  gives  the  following  analogies ; 

,D0:DM  =  A6:iD 
CT,ort)M:CK  =d'*:  A  6 
Therefore  DO  :  CK  ^=  C  *  :  i  D. 
Or,  the  pressurts  ck  the  points  C  ani  D,  in  the  direction  of 
the  straining  force  A  by  arc  reciprocally  proportional  to  tie 
portions  of  DC  intercepted  by  Ab. 

Also',  since  A  6  is  =  DO  +'CK^  we  have 
A  6  :  CK  =  C  5  +  i  D  (or  Cb)  :  6  D,  and 
A6:DO  =  CD:ftC. 

.  In  general,  aaj  Aitro  of  the  tboee  parallel  forces  Abf 
DO,  CK,  are  to  each  otiierin  the'  recipmcdi  proportioii 
of  the  parts  of  Cp,  ii^tereepted  between  their  direetiona 
and  the  direction  of  the  third. 

And  this  ezplaijol  a  still  mor^  important  office  of  the 
fraitae  ADC.  If  one  of  the  *  p6ints,  sjach  as  D,  be  sup- 
ported, an  external  power  acting  at  A,  in  the  direotion 
A  bt  and  with  an  intensity  which  may  be  measured  by 
Ai,  may  be  set  in  equilibrio,  with  another  acting  at  C, 
in  the  direction  CL,  opposite  to  CK,  or  A  6,  and  with 
an  intensity  represent^  by  CK  i  for  since  the  pressure 
CH  IS  partly  withstood  by  the  force  IC,  or  the  firmness 
of  the  beam  DC  supported  at  D,  the  force  KC  will  com^ 
fritte  the  balance.  When  we  do  not  attend  to  the  sup- 
port at  D»  we  conceive  the  force  A  6  to  be  balanced'  by 
KC,  or  KC  to  be  balanced  by  A  b.  And,  in  like  maa« 
ner,  we  may  neglect  the  support  or  force  acting  at  A, 
and  consider  the  force  DO  as  balanced  by  CK. 

506.  Thus  our  frame  becomes  a  lever,  and  we  are  able 
to  trace  the  interior  mechanical  procedure  which  gives  it 
its  efficacy :  it  is  by  the  intervention  of  the  forces  of  co- 
kesion^  which  connect  the  points  to  which  the  external 


ioxcf$  are  ipplii^' wiUi  ri^e  mufoA^  ppvA  or  Iu/c|»ii9i» 
amI  with  Aftoll  Qljf>£i:. 

•Xb^  straUi?  pr  presMire^  A  fry  00^  aoj:  QJE^  no%  be- 
fog in  the  di^ectiops  Qf  ^i?.  bt»nii^  9^»y  dN  ^1^  itvmA' 
verse.  We  see  ttmt  ^y  f lyeir  if pj^^  ^  ffame  of  carpentry 
may  be  considered  as  9. solid  ^dy:  ,but  the  example 
ivhich  brought  tn^s.  to  p^ur  tI^  vr  1^  too  limited /or  ex- 
plaining the.  efficacy,  whjph  may  I^  g}^^^  ^^  ^^^\^  cpjA* 
struct  ion).  We  spjEiII  therefore  give 'a  general  prepo^i- 
tion,  which  wiil  more  distipetly  explain  ik^  procedure  of 
nature,  and  enable  us  to  trace  i^^  strains  fLs  they  are  pro^ 
pagated  fhrouch  all  tbf  .Pfrts  pf  ihe  most  con^pjioited 
framing,  finally  producmg  tne  exeijt^op  of  ifjf  nfo^i  dis- 
tant points. 

•  £07. 'W«preiiiipej^at4liie  leader  {S^licfw  pretty  well 
lukbitufitcf^  ito  ifap  conception-  -of  ihe  strains  as  they  are 
|iropagated  along  the  Jihes  jpining  ith^  points  of  4  frame^ 
and  we  shall  therefore  employ  a  very  sinKjil^ 'figure. 

Let  the  strong  lipes  ACBD  Fig^  13.  ir^esent  a  iram6 
of  carpeqtry.  .Suppose  tkf  t  it  is  :pulled  at  the  point  A  by 
a  force  acting  in  (he  difedtion  ASy  but  that  it  fe$is  on  ft 
fixed  point  Ci  an|l  ihai  the  otjier  extreme  point  B  is  held 
jttck  by  a  power  which  resits  in  ii\e  direclioa  ^F :  It  is 
required  tp  determine' the  propq^iqn  of  the  8tratag.ea&* 
cited  in  its  dlflRecent  pacts,  the  proportion  -of  ^he  -eitterAat 
pressures  at  A  and  B^  and  ihe  pressure  i^bicli  is  produced 
on  the  obstacle  or  fulcrum  C  P 

It  is  evident  that  each  of  the  external  fioirces  at  A  asf 
3'  tend  one  way^  or  to  one  nde  of  the  frame,  and  dia^ 
each  would  caMse  it  to  tttrii  round  ^C  if  the  other  ^tid  not 
prevent  it ;  and  that  if,  t|qtwitfastakidir)g  t^  actiop,  it 
is  turned  neither  way,  ifae  Jbrcet  in  actual  exertion  are 
in  eqnilibrio  by  the  intervention  4tf  the  frame.  It  is  no 
less  evident  that  these  fences  concur  in  pressing  the  frame 
on  the  prop  C.  Therefore,  if  the  piece  CD  wer^  away, 
and  if  the  joints  C  and  D^.perfeeUy  flezibleji  the  pieces 
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0A)  CB  wmM  be  tiiradl  rohnid  thi^  ptop'  d^  $nA  the 
f^tfei  ADf  0B  would  alio  tum  #itb  Uiem;  dad  the 
whole  frame  obongte  its  fomt  This  sheWi,  bf  the  way^ 
and  we  desifeiito  he  eatefollf  kept;  m  xidhd,  that  tbtf 
^iMKif  or  slMffn^ss  of  frhoitng  depfeods  entiiiely^  6ii  tbtf 
iiten^r  boUnded  by  bceiis  wUeb  ^r^  cbiU»ui^  is  itj 
Atf  open  quadrilatafd  maj  aiways  diange  its  thapeiy  the 
•ides  revoiving  rotiod  the  angles.  A  qmdrlktertfl  maf 
har^  an  inf  nifrf  of  forftis,  withoaC  alijr  ohaege  of  iU  sidesj 
bj  merety*  pasfaiag  two  Opfloitie  angles  towards  eneh 
MhoTi  or  drawing  theifli  aseedeh  BM  when  the  Ihreo 
sidei  of  a  triangle  Hre  delermiaed>  its  shape  is  also  iava« 
riahly"  dctetmintd;  and  if  twb  ^nglee  h^  held  fast,  tbo 
third  ddnnot  he  acioved.  It  i^  thus  that^  by  iAier^tg  itbe 
bat  €Dj  thb  ^pxtk  hedofti^s  m^cbiAg^tfl^ }  and  any  M* 
taibpt  to  ckartge  it  by  affplyieg  a  &rQ«'  to  an  angle  A^ 
nmncdiaiely  isKcite^  forces  of  attratftioif  oi*  reffUlsioB  be^ 
iween  the  particleil  of  the  tftaff  Which  formt  its  sides* 
tnnis'iit  hBppeosi  iii.ilie  pTesieiit  insUoifiei  that  a  change 
bf  sbipe  is  jttlevMted  by  Ihe  bar  CD^  Ther  power  at  A 
pressea  its  Mk  '•j^iist  the  prop  i  and  in  doing  this  it 
jhils  die  bai'  AP  on  the'  Mretcb^  and  tf  so  the  bar  DB. 
Theitf  plaees*  teight  th^ilefbre  be  sapplied  by  oords  or 
inetal'  wires.  HekUke  il  is  evident  tb^  DC  is  oooipreBsedf 
as  irelio  AC;  afld»^  tot  tlie  same  reasooi  CB  is  also  in  a 
of  oompiiesiiM  3  for  either  A  or  B  nuy  be  coush 
ta  tiie  point/that  i^  impelled  or  withheld.  There-* 
fere  DA  and  DB  esre  stretched,  and  are  reiitftisig  with 
itliraotive  fil«es.  DC  And  CS  are  oempressedi  and  are 
resisting  with*  repalsive  forces.  DB  is  also  acting  witl^ 
vepebhp^  foree^  being  ciMpre^eed  in  Itlce  manner  >  and 
tlAft  Ihe  seppert  of  th^  prap»  eombined  with  the  firmness 
of  DC^  pots  the  franur  ADBC  into  the  condition  of  the 
two  fhimes  ih  Fig.  ft.  and  Fig.  9.  Therefore  the  external 
force  at  A  is  really  ins^miibria  with  an  attracting  force 
acting  in  the  direction  AD^  and  a  repulsive  force  acting 
rot.  I.  3  k 
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in  the  diteciion  AK.  And  since  all  the  connecting  forces 
•re  mutual  and  equals  the  point  D  is  pulled  or  drawn  in 
tbe  direction  DA-  The  condition  of  the  point  B  is  simi- 
lar to  that  of  A,  and  J)  is  also  drawn  in  the  direction  DB. 
Thus  the  point  D,  being  urged  by  the  forces  in  the  direc- 
tions pA  and  DB,  presses  the  beam  DC  on  tbe  prop,  and 
the  prop  resists  in  tbe  o|^site  direction.  Therefore  the 
Kne  DC  is  the  diagonal  of  the  parallelogram,  whose  sides 
bave  the  proportion  of  the  forces  wbich  connect  D  with  A 
and  B.  This  is  tbe  principle  on  which  the  rest  of  our  in- 
vestigation proceeds.  We  may  take  DC  as  the  represen* 
tation  and  measure  of  their  joint  effect.  Therefore  draw 
CH,  CG,  parallel  to  DA,  DB,  cutting  A£,  BF  in  L  and 
O,  and  cutting  DA,  DB*  in  I  and  M.  Complete  tbe  pa-^ 
rallelograms  ILKA,  MONB.  Then  DG  and  AI  are  the 
equal  and  opposite  forces  which  connect  A  and  D ;  for. 
GD  s  CH,  =:  AI.  In  like  manner  DH  and  BM  an  the 
forces  which  connect  D  and  B. 

The  external  force  at  A  is  in  immediate  equilibrfo  with 
the  combined  forces,  connecting  A  with  D  and  with  C. 
AI  is  one  of  them :  Therefore  AK  is  tbe  other ;  and  AL 
is  the  compound  force  with  which  the  external  force  at  A 
is  in  immediate  equilibrium.  This  external  force  is  there- 
fore equal  and  opposite  to  BO ;  and  AL  is  to  BO  aa  the 
external  force  at  A  to  the  external  force  at  B.  The  prop 
C  resists  with  forces  equal  to  those  which  are  propagated 
to  it  from  the  points  D,  A,  and  C-  Therefore  it  resisto 
with  forces  CH,  CG,  equal  and  opposite  to  DG,  DH ; 
and  it  resists  the  compressions  KA,  NB,  with  equal  and 
opposite  forces  C  *r,  C  n.  Draw  klytio  parallel  to  AD, 
BD,  and  draw  C/Q,  C  oP:  It  is  plain  that  *  CH  /  is  a 
parallelogram  equal  to  KAIL,  and  that  C  /  is  equal  to  AL. 
In  like  manner  C  o  Is  equal  to  BO.  Now  the  forces  C  *, 
CH,  exerted  by  the  prop,  compose  the  foite  C  / ;  and  C  n, 
CG  compose  the  force  C  o.  These  two  forces  C  /,  C  o 
•re  equal  and  parallel  to  AL  and  BO  5  and  therefore  they 
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kt&  equal  and  opposite  to  the  external  forces  aeting  at  A 
and  B;  But  they  are  (primitivel  j)  equal  and  opposite  to 
the  pressures  (or%t  least  the  compounds  of  the  pressures) 
exerted  on  the  prop,  bj  the  forces  propagated  to  C  from 

A,  D,  and  B.     Therefore  the  pressures  exerted  on  tbe^ 
prop  are  the  s^me  as  if  the  external  forces  were  applied 
there  in  the  same  directions  as  they  are  applied  to  A  and 

B.  Now  if  we  make  CV,  CZ  equal  to  C  /  and  C  o,  and- 
complete  the  parallelogram  CVYZ;  it  is  plain  that  the; 
force  YC  is  in  equilibrio  with  /  C  and  o  C«   Therefore  the 
pressures  at  A^  C,  and  B|  are  such  as  would  balance  if  ap*. 
plied  to  one  point; 

.  /^astly,  in  order  to  determine  thejr  proportions*  draw 
CS  and  CK  perpendicular  to  JDA  and  DB.  Also  draw 
A  42,  3/ perpendicular  to  CQ  and  CP;  and  draw  C^^ 
€  i  perpendicular  to  A£^  BF. 

The,  triangles  GPR  and  BP/aresimilar,  having  a  com- 
mon angle  Pi  and  a  right  angle  at  R  and/. 

In  like  manner  the  triangles  CQS  and  AQd  are  si- 
tnilar.  Also  the  triangles  CHR,  C6S  are  similar,  by 
reasdh  of  the  equal  angles  at  It  and  Gr,  and  the'  right 
angles  at  R.  and  S.  Hence  we  obtain  tlie  following, 
analogies :     - 

Cd  :  CP  =i:  On  :  PBj  =  CG  :  PB 
CP:CR=:  PB:/B 

CR:CS=:  CH:CG 

CS:CQ=  Ad:AQ 

CQ:  C  /  =  AQ-:  K/,  =  AQ  :  CH. 

Therefore,  by  equality, 
Co:C/=  kdifA 

orBO:AL=:  -     CgiCL 

That  IS,  the  external  for<^es  are  reciprocally  proportional 
to  the  perpendiculars  drawn  ttom  the  prop  on  the  lines  of 
their  direction.  * 

i        ■!       -I     I.        .1    IW ■        »        I    ■    ..  ■  ..11  ■  t 

*  TIm  learned  retder  will  pcrcsive,  Uiat  this  analogy  ia  preciaely  the. 
same  with  that  of  ^fces  which  are  in  a^uitilnrio  by  the  tBtMv^encioii  of  m 
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Thik  ffrdporitiM  (sufl^eienttj  general  iJdf  oUt  pilrpoge) 
a  fertile  in  consequentei,  ami  ftimlshea  many  useRil  in- 
stnictK^ns  ta  *c  artist.  The  strains  LA,  OE,  CY,  that 
are  excited,  aecur  iti  many,  we  may  «ay  iii  all,  framings 
6(  carjfkentry,  whether  tar  e<Kficet  or  engines,  and  afe  the 
aottTOefr  of  Acir  eflkiacy.  It-  is  also  evident,  that  the  doc- 
trine of  the  tran9?eirse  strength  of  timber  iii  contained  in 
this  proposition  ;  for  every  p?cce  of  timber  may  be  co»- 
fitdered  as  an  assembhge  of  parts,  connected  by  forces 
Which  act  in  the  direction  of  the  Knes  which  join  the 
strained  p«rints  on  the  matter  wfcich  lies  between  those 
points,  and  also  adt  on  the  rest  of  the  matiter,  exciting 
those  lateral  fbrcea  which  prodnce  the  inflexibility  of  the 
whole.     See  Strength  or  Itf atbrials. 

Thus  it  appears  that  this  proposition  contains  th^  prin- 
ciples which  direct  the  artist  to  frame  the  most  powerful 
teters ;  to  secare  uprights  by  shores  or  braces,  or  by  ties 
and  ropes ;  to  secure  sca^fdings  for  the  erection  oC  spii'es. 


Uim'  In  ^^  thii  wliole  frame  o£  curp^nttj  is  QOtbiiig  elM  Hum  a  hu^i 
o[/^ame4  lever  in  equilibrio.  It  is  acting  In  the  same  manner  as  a  solid* 
nhich  occupies  the  whole  ffgure  compressed  in  the  frame*  or  as  a  body  of 
any  size  and  shape  whaterer,  that  will  admit  the  three  points  df  appHdaliett 
A.G,  andB.  U  ia  alwi^rt  in  et|tffflfei:M>  in  th»  cite  fint^  t^ted ;  becanae 
the  pressure  pro^uotd  at.  B  ^  a  force  applied  to  A  i«  always  such  as  ba- 
lances it.  The  reader  maj  also  perceive,  in  this  proposition,  the  analysis 
or  tracing  of  those  internal  mechanical  forces  which  are  indispensably  re- 
quisite for  the  rkmcdons  ola  lever.  The  mecKanKdana  have  been  extreme- 
Ij  puzzled  to  find  a>l«gttf]^ta  de^oiistraHta  «E^t^  «iMiQhiii]iii  of  a  lever 
ever  since  the  days  of  ArcMmedes.  Mr  Vince  haa  ^he  honour  of  first  de- 
monstrating,  most  ingeniously,  the  principle  assumed  by  Aiduroedes.  but 
without  sufficient  ground,  fbr  hit  demonstration  :  but  Mr  Wince's  demon- 
stration b  only  a.pui»ing  the  mind  into  that  penpleiiad state  whUb  makes  tt 
afcknowMge  iM  pre^MitloB*  bvt  withw^acieitrptittrytio*  of  to  tmtb. 
The  difleulty.bas  proceeded  from  the  abstract  notion  of  a  lever,  concming 
-ft  as  a  mathematical  Kne- inflexible,  without  reflecting  how  it  is  inflexible 
^for  the  very  source  of  this  indispensable  quality  furnishes  the  mechinlcal 
wim^cU4»b^^  «nd^tWs«ip. 

Z^Z^^^T^^  ^'''***^*  ^*  *^  dWBultr)  Afttf  daspsrat.  ciae 
ala^stwlghewvar  urged  Iqrpii^iirw..    Se*  ftata«o».  ^^ 
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Md  woMOj  otiifr  mewl  deUcnte  preUems  of  hk  •rt.  He 
also  learnt,  from  thw  propotiUoa,  how  to  ascerlain  tke 
•trains  that  are  produced,  without  his  intentioo,  by  plecA 
which  he  ialeadied  for  othtr  offices,  and  which,  by  their 
transvene  action,  put  bis  work  'm  baaard.  In  short,  this 
proposition  is  the  key  to  the  scieoee  of  Us  art 

We  would  now  counsel  the  artist,  after  be  has  made 
jhe  tracing  of  the  strains  and  thrusts  through  the  yarious 
parts  of  a  franiK  familiar  to  bis  mind,  and  even  amusM 
bimself  with  some  cosaplicaled  fancy  fratidng^  to  reed 
Qwer  with  care  the  articles  STaBMorn  of  MAVaaiAas  and 
Roov.  He  wiU  now  conceive  its  doctrines  much  more  clear- 
ly than  when  he  was  considering  them  as  abstract  theories. 
The  asatttal  action  of  the  woody  fibres  wiU  bow  be  easily 
comprehended,  and  his  coaMance  in  the  results  will  be 
greatly  ibereased. 

506.  There  is  a  proposition  (see  the  article  Roop) 
which  has  been  called  In  i}iiastioB  by  selreral  very  intelli- 
gent penons ;  and  they  say  that  Belidor  has  dtmoastra- 
ted,  in  his  Scibmcb  oas  jHOBNixiras,  that  a  beam  firmljr 
fixed  at  both  ends  is  not  twice  as  strong  as  when  simply 
lying  OB  the  props,  and  that  its  strebgth  is  increaBed 
only  in  the  proportioB  of  9  to  3 ;  and  they  support  thb 
determination  by  a  list  of  expefiments  recited  by  Belidor, 
which  agree  prm$e^  with  it.  BtUdbr  also  says^  that 
Fitot  bad  the  sanle  resbit  iil  his  e^t^eriments*  Thes^  are 
respectable  aatborities;  but  Belidb/s  reasoning  is  aiiy 
thing  but  demonstration;  and  his  ^iperiments  are  da- 
scribed  in  such  aa  imperfcct  manner,  that  we  eanndt 
build  much  on  them.  It  is  not  said  in  what  tnsnaer  the 
.battens  were  seeored  at  the  eads^  any  Cartber  than  that  it 
was  by  ehupalM.  If  by  this  word  is  meant  a  trassie^  wa 
eannot  aonceive  bo^  thay  were  emfdojed ;  bat.  we  see  it 
sometimes  used  for  d  wedge  or  key.  If  Ibe  battens  were 
wedged  in  tbe  holes,  their  resistance  to  firaotuia  may  be 
made  wbut  we  please ;  they  may  be  leasit  and  |lHl^afo■e 
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-  resist  little  more  than  when'  simply  laid  on  the  props. 
They  may  be  (and  probably  ^erc)  wedged  very  fast,  and 
bruised  or  crippled. 

Our  proposition  mentioned  distinetly  the  security  given 
to  the  ends  of  the  beams.    They  were  mortised  into  re- 
mote  posts.    Our  precise  meaning  was,  that  they  were 
aimply  kept  from  rising  by  these  mortises,  but  at  full 
•liberty  to  bend  up  between  £  and  I,  and  between  O  and 
K.    Our  assertion  was  not  made  from  theory  alcme  (al- 
though we  think  the  reasoning  incontrovcirtible),  but  was 
•agreeable  to  numerous  eiperiments  made  in  those  pre^ 
•cise  circumstances.     Had  we  mortised  the  beams  firmly 
into  two  very  stout  posts,  which  could  not  be  drawn 
nearer  to  each  other  by  bending,  the  beam  would  have 
vborne  a  muck  gr-eater  weight,  as  we  have  verified  by  ex- 
periment.   We  hope  that  the  following  mode  of  conceit 
ing  this  case  will  remove  all  doubts. 

Let  LM  be  a  long  beani,  Plate  VI.  Fig.  14.  divided  into 
six  equal  parts,  in  the  points  D,  B,  A,  C,  E.  Let  it  be 
£rmly  supported  at  L,  B,  C,  M.  Let  it  be  cut  through 
lit  A,  and  have  compass  joints  at  B  and  C.  Let  FB, 
GC  be  two  equal  uprights,  resting  on  B  and  C,  but  witli- 
out  any  connection.  Let  AH  be  a  similar  and  equal 
.piece,  to  be  occasionally  applied  at  the  seam  A.  Now  let 
M  thread  or  wire  A6B  be  extended  over  the  piece  GC, 
and  made  fast  at  A,  6,  and  £.  Let  the  same'  thing  be 
done  on  the  other  aide  of  A.  If  a  weight  be  now  laid  on 
«t  A,  the  wires  AFD,  AGE  will  be  strained,  and  may  be 
broken.  In  the  instant  of  fracture  we  may  suppose  thehr 
•strains  to  be  represented  by  A /and  A  g.  Complete  the 
parallelogram,  and  A  a  is  the  magnitude  of  the  weight. 
It  is  plain  that  nothing  is  concerned  here  but  the  cohesion 
of  the  wires  4  for  the  beam  is  sawed  through  at  A,  pni  its 
parts  are  perfectly  moveable  round  B  and  C. 

Instead  of  this  process  apply  the  piece  AH  below  A, 
#od  keep  it  there  by  ^training  the  same  wire  BHC  ov«r 
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it  Now  lay  on  a  weight  It  must  press  down  tlie  endi 
of  BA  and  CA,  and  cause  the  piece  AH  to  strain  tha 
wire  BHC.  In  the  instant  of  fracture  of  the  same  wire» 
its  xesistances  H  b  and  H  c  must  be  equal  to  Af  and  A  g, 
and  the  weight  h  H  which  breaks  them  must  be  equal  to 
Aia. 

Lastly,  employ  all  the  three  pieces  FB,  AH,  GC,  with 
the  same  wire  attached  ea  before.  There  can  be  no  doubt 
but  that  the  weight  which  breaks  all  the  four  wires  must 
be  =  a  A  -f-  A  H,  or  twice  Aa. 

The  reader  cannot  but  see  that  the  wires  perform  the 
very  same  office  with  the  fibres  of  ah  entire  beam  LM 
held  fast  in  the  four  holes  D,  B^  C,  and  £,  of  some  up- 
right posts. 

In  the  experiments  for  verifying  this;  by  breaking 
slender  bars  of  fine  deal,  we  get  complete  demonstration, 
by  measuring  the  curvatures  produced  in  the  parts  of  the 
beam  thus  held  down,  and  comparing  them  with  the  cur- 
vature of  a  beam  simply  laid  on  the  props  B  and  C :  and 
there  are  maiiy  curious  inferences  to  be  made  from 
these  observations,  but  we  have  not  room  for  them  in  this 
place. 

509.  We  may  observe,  by  the  way,  that  we  learn  from 
this  case,  that  purlins  are  able  to  carry  twice  the  load  when 
notched  into  the  rafters  that  they  carry  when  mortised 
into  them,  which  is  the  most  usual  manner  of  framing 
them.  So  would  the  binding  joists  of  floors  ;  but  this 
would  double  the  thickness  of  the  flooring.  This  me- 
thod should  be  followed  in  every  possible  case,  such  as 
breast  summers,  lintels  over  several  pillars,  &c.  -These 
should  never  be  cut  ofi*  and  mortised  into  the  sides  of  every 
upright ;  numberless  cases  will  occur  which  shew  the  iniF- 
portance  of  the  maxim. 

We  must  here  remark,  that  the  proportion  of  the  spa- 
ces BC  and  CM,  or  BC  and  LB,  has  a  very  sensible  effect 
en  the  strength  of  the  beam  BC ;  but  we  have  not  yet 
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Mtiified  our  aia^  as  io  tlw  rattmmk  of  tlnf  eftct  It  ii 
padvubtedljr  coaDecU4  with  the  sttrpeuUiii  fann  of  the 
fnmve  af  tha  beam  Mon  feaiAaro.  Tbia*  should  be  bU 
twioA  to  io  tbf  f^onMnictiaat  of  the  apriaga  «f  cairiagas* 
Thfias  ara  fnaqMOldy  auHiffrtad  at  a  «ii4d)e  point  (and  ai 
is  an  excellent  practice),  and  there  is  a  certain  propocliao 
ivtbicb  will  i^re  tba  aariiat  aialfea  t^  the  body  of  Uia  tar- 
rage.  We  ako  thmk  that  it  Is  coaaectad  with  ttetde- 
nation  ih»ni  ibe  bpst  theory  .observable  in  BuffonV  e^qpe** 
riments  on  various  lengthi  of  the  seine  iqaoftliAg.  Tbe 
force  ol  tbe  beama  dimiaiib^fi  omish  vMre  ihaa  in  ibe.  uir 
?me  propofAiM  of  thair  lenftlM. 

510.  We  have  seeq  tint  H  depends  entiiflj  on  ike  po*- 
sition  of  the  pieces  in  respept  of  their  points  of  akimate 
support^  and  qf  tiie  <Urect4oii  ^f  tbe  axteittal  force  which 
prodnoes  tbe  strainsi  iv|bether  any  pjifticidajr  piece  js  in  a 
state  pf  e;^tea9i9n  or  ftf  (:i(tfDpre«iiofi«  Tbe  l§iioirla4fe  of 
this  circwmst^pe  niaj  greatly  inSuaoce  us  ip  the  choice 
of  the  constru£tioi»»  In  Dtiany  ^ases  we  may  sdhstittat^ 
slender  iron  rods  fpr  .inassive  beamsi  when  tbe  piece  is  to 
act  the  pari  ^  a  tie.  Bpt  we  must  not  invert  this  ii^tOf 
pition ;  for  when  a  piece  of  timber  acts  as  a  strut,  and  is 
in  a  state  of  €ompressio|i»  U  is  nei^t  tp  <¥rtaia  thai  it  is 
not  jBqu^Uy  compresfi)^  ip  i^s  opfiosite  side9  through  the 
whole  length  of  the  pfece^  ^d  that  tbe  pompfessii^g  force 
on  tbe  abutting  joint  is  ap^  acting  in  the  piqat  equable 
manner  all  over  tbe  joint.  A  very  triflii^g  inequality 
in  ei^hei:  of  these  einpitm^apces  (especially  in  thf  ^st) 
will  compress  the  beam  iQpre  on  pn^  side  than  on  the 
other.  This  cannot  be  without  the  beamV  ^ndingi  and 
becoming  concave  on  tb^t  s^e  qn  if  bicb  it  is  mp^t  com- 
pressed- When  this  bfippeiiS|  the  firaniie  is  in  dfynger  of 
jiieing  crushed,  and  soon  going  to  ruin.  }i  is  therefwre  in- 
dispen^Uy  necessary  to  make  use  of  l^eam  in  all  cases 
where  struts  are  required  of  considerable  length,  rather 
,||iaa  of  fnetal  rods  of  slender  dimensiposi  unless  in  situar 


liMs  wfaere  w«  cm  effcetiudlf  ]ire«eiit  their  bendiog^  us  is 
trvMHig  aigird^r  intovnfti^*  vkam  a  oast  iron  stmt  ma/ 
be  firmly  caiji^d  io  4t,  «p  a3  oot  to  tend  ia  the  ^maUast  de* 
gtefi.  Ib  caiei  wlieta  ilve  preiititfes  are  ifiiHrnHMis,  ag  ia 
the  irerjr  oMinna  struts  ^  a  ceaire  ar  ar^h  Icamep  "wie  mast 
bje  partMulail^  eaatiaa#  to  do  iialhiag  whieh  ca|i  fajufitata 
the  compression  of  akilar  aide»  No  mortiseQ  shaiild  be 
cat  near  to  <Mie  «idf ;  m  iatera)  tireMpt«i)>  ^ym  the 
fiUghtagt^  iboaU  be  allowed  to  touch  it  We  have  sfsen  a 
pitlar  of  £r  IS  inohas  long  and  oaa  incb  m  aeotioo^  when 
loaded  -wHh  tkrtt  tOQB«  foap  in  an  iastaat  %rbe»  pressed 
oa  oae  side  by  16  poa«ds»  while  another  bora  44  ioDa 
withoat  hart)  bealMia tt  wm iootosad  (laos^j) ina  tiout 
pip8^4tf  irodu 

Ia  saeh  aatca  of  wafeifadiM  caiaprefeaiDa»  ft  Is  of  gitat 
iiaport^oee  that  Ihe  aompucssmg  fm>ae  ba*r  equally  on  the 
whole  abpttipg  surface.  The  Grerman  carpenters  are  ao- 
cuslomed  to  put  a  pkt^  of  lead  oTot  ihe^oiat  This  pre* 
vaiila^  in  soa^e  measare,  the  peaetvatiofi  of  the  ead  fihree, 
Mr  Perroaet,  the  celebrated  Freach  architeot^  foMied  hb 
abtotnents  iota  arehen  pf  cirples,  the  cetatre  of  which  y^rwB 
the  remote  end  of  the  rfrat  By  this  cfiaCrivaBee  the  an? 
avoidable  €hmgt  of  fom  of  the  trtao^e  aaade  ao  paftial 
bearing  of  either  aagk  of  the  abutawdt.  This  always  has 
a  tendency  to  splinter  off  the  heel  of  th^  bbam  where  it 
jpresses  itroagest.    It  in  a  very  judlaious  practice. 

When  circumstances  allow  it,  we  should  rather  ea^ploy 
ties  than  struts  far  seeuriag  a  beam  against  lateral  strains. 
When  an  upright  pillar,  such  as  a  flag-staff,  a  aaaat,  or 
the  uprights  pf  a  very  tall  soaffoldingi  are  to  be  sheared 
up,  the  dependence  is  more  iwtain  oa  those  twaees  that 
are  stretched  by  the  etrain  than  on  those  which  are  com? 
prasaed.  The  scaffolding  of  the  iron  bridge  near  Sunder* 
land  had  some  ties  very  Judiciously  disposed^  and  othcfs 
with  less  judgment 

We  should  proceed  to  consider  the  transverse  strains  9$ 
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thej  affect  the  various  parts  of  a  frame  of  carpentrj ;  bat 
we  hare  rerj  little  to  add  to  what  has  been  said  already 
lioder  the  subject  of  Strbnoth  op  May briai.8,  and  under 
the  subject  of  Roor.  What  we  shall  add  in  this  articte 
will  find  a  place  in  our  occasional  remarks  on  different 
works.  It  may,  however,  be  of  use  to  recal  to  the  read- 
er^'s  memoiy  the  following  propositions. 

511,  1.  When  a  beam  AB,  Fig.  16.  is  firmly  fixed  at  the 
end  A,  and  a  straining  fcnrce  acts  perpendicularly  to  its 
length  at  any  point  fi,  the  strain  occasioned  at  any  section 
C  between  B  and  A  is  proportional  to  CB,  and  may  there- 
fore be  represented  by  the  product  WxCB ;  that  is,  by  the 
product  of  the  number  of  tons,  pounds,  &c.  which  mea- 
sure  the  straining  force,  and  the  number 'of  feet,  inches, 
lie.  cmtabed  in  CB.  As  the  loads  on  a  beam  are  easily 
"xonceivedi'  we  shall  substitute  this  for  any  other  straining 
farce, 

2.  If  the  strain  or  load  is  uniformly  distributed  along 
any  part  of  the  beam  lying  beyond  C,  (that  is,  further 
from  A),  the  strain  at  C  is  the  same  as  if  the  load  were 
all  collected  at  the  middle  point  of  that  part ;  for  that 
point  is  the  centre  of  gravity  of  the  load. 

3.  The  strain  on  any  section  D  of  a  beam  AB, 
Fig.   16.   resting  fredy  on  two  props  A    and    B,    is 

AD  X  DB 

^  X  — T~5 —  (See  Roof,  and  Strength  qf  Materiau.) 

All 

Therefore, 

4.  The  strain  on  the  middle  point,  by  a  force  applied 
'there,  is  one-fourth  of  the  strain  which  the  same  force 
would  produce,  if  applied  to  one  end  of  a  beam  oS  the 
-same  length,  having  the  other  end  fixed. 

5.  The  strain  on  any  section  C  of  a  beam,  resting  on 
two  props  A  and  B,  occasioned'  by  a  force  applied  per- 
pendicularly to  another  point  D,  is  proportiolial  to  the 
rectangle   of  the    exterior   segments,    or  is    equal  to 
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to  X  — r-K — •    Therefore, 
AB 

The  strain  at  C  occasioned  by  the  pressure  on  D,  is 

the  same  with  the .  strain  at  D  occasioned  by  the  same 

pressure  on  C. 

6.  The  strain  on  any  section  D,  occasioned  by  a  load 
uniformly  diffused  over  any  part  EF,  is  the  same  as  if 
the  two  parts  ED,  DF  of  the  load  were  collected  at  their 
middle  points  e  andf.    Therefore, 

The  strain  on  any  part  D,  occasioned  by  a  load  uni^ 
formly  distributed  over  the  whole  beam,  is  one  half  of  the 
strain  that  is  produced  when  tlie  same  load  is  laid  on  at  D; 
and. 

The  strain  on  the  middle  point  C,  occasioned  by  a 
load  uniformly  distributed  over  the  whole  'beam,  is  the 
same  which  half  that  load  would  produce  if  laid  on 
at  C. 

7.  A  beam  supported  at  both  ends  on  two  props  B 
and  C,  Fig.  14.,  will  carry  twice  as  much  when  the  ends 
beyond  the  props  are  kept  from  rising,  as  it  will  carry 
when  it  rests  loosely  on  the  props, 

8.  Lastly,  the  transverse  strain  on  any  section,  occa- 
sioned by  a  force  applied  obliquely,  is  diminished  in  the 
proportion  of  the  sine  of  the  angle  which  the  direction  of 
the  force  makes  with  the  beam.  Thus,  if  it  be  inclined 
to  it  in  an  angle  of  thirty  degrees,  the  strain  is  one  half 
of  the  strain  occasioned  by  the  same  fcnrce  acting  perpen- 
dicularly. 

On  the  other  hand,  the  relative  sTaENOTH  of  a  beam, 
or  its  power  in  any  particular  section  to  resist  any  trans- 
verse strain,  is  proportional  tp  the  absolute  cohesion  of 
the  section  directly,  to  the  distance  of  its  centre  of  effort 
from  the  axis  of  fracture  directly,  and  to  the  distance 
from  the  strained  point  inversely. 

Thus  in  a  rectangular  section  of  the  beam,  of  which 
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h  is  the  hreadtli,  i  the  depth  (that  is,  the  diineBiion  in 

the  direction  of  the  ttraining  force),  measured  in  inches, 

Itfid/  the  number  of  pounda  which  one  square  inch  will 

just  siqiport  without  being  torn  asunder,  we  must  harf 

f  X  bx  d'9  proportional  to  ip  x  CB,   Fig.  1&      Qr^ 

/  X  bx  d'9  multiplied  by  some  number  «^  depending  on 

the  nature  of  the  timb^,  must  be  equal  to  w  x  CB* 

Or,  in  the  case  of  the  section  C  of  Fi^  16.  that  is 

sirained  by  the  force  of  w  applied  at  D,  we  must  have 

xnjs  ACxDB 


AB 


Thus  !f  the  beam  is  of 


sound  oak,  ai  is  very  nearly  ss  I  (see  Stubnoth  99  Ma^ 

ACxCB 

>  x- 


AB 


TiRLM^.)    Therefore  we  have*^ — 5— ^  = 

Hence  we  tan  teU  the  preeiie  fids^oe  w  wUoh  any  se^ 
tion  C  can  jusl  resist  when  that  force  is  i^ipUed  in  any 
way  whatever,    Vqt  the  above  mentioned  formula  gives 


f  b  d^ 
y  r^p-*  ^^^  ^^  ^^^  represented  by  Fig.  15.    But 


w 


the  case  represented  in  Fig.  If.   having  the  slnuning 
force  applied  at  O,   gives  the  slraio  m  C  (^w)  ss/ 

b  d^X  AB 
^9ACxCB 

Esc&mpk.  Let  an  mk  beain,  four  iisches  sifMM,  i«st 
freely  on  the  props  A  and  B,  seven  feet  ftpatl,  or  84 
incfaML  What  weight  witt  k  just  support  at  ks  middle 
point  C,  on  the  tapposltioa  that  a  square  ineb  rod  wiH 
just  carry  16,000  pounds,  pulling  it  asunder  ? 

The  formula  ^Kicomes  is  =  — •. ^j 

86016000  ,       »x«<« 

«  «^  =  *-|jgsg— ,  =s  6418  pounds.    This  is  veiy  anr 

what  was  employed  in  Bufibn^s  experiment,  which  was 
SSlt. 


Had  the  straining  force  acted  on  a  point  1),  half  way 


between  C  tod  %  tko  force  raflSdent  to  hnA  the  berai 

a|  C  would  be  = 9x4>xgl"^ —  ^ 

Had  the  beam  been  sound  red  ftr,  we  nrast  have  taken 

/  :r  10,009  nearljr,  and  m  nearlj  8 ;  for  afthongh  fir  be 

less  cohesive  than  oak  in  the  proportion  of  6  to  8  nearlj. 

It  is  less  compressSile,  and  its  axis'  of  fracture  i^  therefore 

nearer  to  the  cMc^e  side. 

512.  Having  considered  at  snfllciettt  length  the  strains 
of  diferent  kinds  which  arise  from  the  form  of  the  parts 
of  a  frame  of  carpentry,  and  the  direction  of  the  exter- 
nal fprees  which  act  on  it,  whether  considered  as  impell. 
iag  or  as  supporting  its  different  parts,  we  must  now 
proceed  to  consider  tlie  means  bj  which  this  form  is  to  be 
secured,  and  the  connections  hj  which  those  strains  are 
excited  and  communicated. 

The  joinings  practised  in  carpentry  are  ahnost  infinite- 
Tj  various,  and  each  has  advantages  which  make  it  prie- 
ferabie  in  some  circumstances.  Many  varieties  are  em- 
ployed merely  to  please  the  eye.  We  do  not  concern 
ourselves  with  these :  Nor  shaO  we  consider  those  which 
are  only  employed  in  connecting  small  works,  and  can 
ftever  appear  on  a  great  scale;  yht  even  in  some  of  these, 
the  skiH  of  the  carpenter  may  be  discovered  by  bis  choice; 
for  in  all  cases,  it  is  wise  to  make  every,  even  the  small- 
est, part  of  his  work  as  strong  as  the  materials  wiH  ad- 
mit. He  will  be  particularly  attentive  to  the  changes 
which  will  necessarily  happen  by  the  shrinking  of  timber 
as  it  dries,  and  will  consider  what  dimensions  of  his 
flramings  will  be  aflected  by  this,  and  what  wiU  not; 
and  will  then  dispose  the  pieces  which  are  less  essential 
to  the  strength  of  the  whole,  in  such  a  manner  that  their 
tendency  to  shrink  shall  be  in  the  same  direction  with  the 
ahrinking  of  the  whole  framing.  If  he  do  otherwise, 
the  seams  will'  widen,  and  parts  will  be  split  asunder. 
He  will  dispose  his  boardings  in  such  a  manner  as  to  con- 


tribute  to  the  ^tiffiteas  of  the  whole»  AvoMiHg  at  the  same 
time  the  giving  tbem  poBitioiis  which  will  produce  lateral 
strains  on  trvtss  beams  which  bear  great  pressures ;  recol- 
lectingy  that  although  a  single  board  has  little  force,  -jet 
many  united  have  a  great  deal,  and  majr  freqifientlyper* 
form  the  office  of  very  powerful  struts; . 

Our  limits  confine  us  to  the*  joinings  which  are  most 
essential  for  connecting  the  parts  of  a  single  piece  of  a 
frame  when  it  cannot  be  formed  of  one  beam,  either  for 
want  of  the  necessaiy  thickness  or  length ;  and  the  joints 
for  connecting  the  different  sides  of  a  trussed  frame. 

513.  Much  ingenuity  and  contrivance  have  been  bestow« 
ed  on  the  manner  of  building  up  a  great  beam  of  many 
thicknesses,  and  many  singular  methods  are  practised  as 
great  nostrums  by  different  artists :  but  when  we  con- 
sider the  manner  in  which  the  cohesion  of  the  fibres  per-, 
forms  its  office,  we  shall  clearly  see  that  the  simplest  are 
equally  effectual  with  the  most  refined,  and  that  they  are^ 
les»  apt  to  lead  us  into  false  notioBiS  of  the  strength  of  the 

assemblage. 

514.  Thus,  were  it  required  to  build  up  a  beam  for  a. 
great  lever  or  a  girder^  so  that  it  may  act  neai;ly  as  a 
beam  of  the  same  size  of  one  log — ^it  may  either  be  done 
by  plain  joggling,  as  in  Plate  VII.  Fig.  1.  A,  or  by  staff- 
ing, as  in  Fig.  1.  B  or  C. 

515.  If  it  is  to  act  as  a  lever,  having  the  gudgeon 
on  the  lower  side  at  C,  we  believe  that  'most  artists 
will  prefer  the  form  B  and  C ;  at  least  this  has  been 
the  case  with  nine-tenths  ef  those  to  whom  we  have 
proposed  the  question.  The  best  infonned  only  hesitat- 
ed ;  but  the  ordinary  artists  were  all  confident  in  its  su- 
periority ;  and  we  found  their  views  of  the  matter  very 
coincident.  They 'considered  the  upper  piece  as  grasping 
the  lower  in  its  hooks ;  and  several  iipagined  that,  by 
driving  the  one  very  tight  on  the  other,  the  beam  would 
be  stronger  than  an  entire  log:    but  if «we  attend  care- 
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fttUj  to  the  internal  procedure  in  the  loaded  lever,  we 
•ball  find  the  upper  one  clearly  the  strongest  If  Ihey 
are  formed  of  equal  logs,  the  upper  one  i«  thicker  than 
the  other  by  the  depth  of  the  joggling  or  scarfing,  which 
We  suppose  to  be  the  same  in  both ;  consequently,  if  the 
cohesion  of  the  fibres,  in  the  intervals  is  able  to  bring  the 
uppermost  filamerits  into  full  action,  the  form  A  i» 
stronger  than  fi,  in  the  propoition  of  the  greater  dis- 
^ce  of  the  upper  filaments  from  the  axis  of  the  frac- 
ture :  this  may  be  greater  than  ^the  difference  of  the 
thickness,  if  the  wood  is  very  compressible.  If  the 
gudgeon  be  in  the  middle,  the  eQect,  both  of  the  joggles 
and  the  scarfings,  is  considerably  diminished ;  and  if  it. 
is  on  the  upper  side,  the  scarfings  act  in  a  very  different 
way.  In  this  jituati<m,  if  the  loads  on  the  arms  are  also 
applied  io  the  upper  i»ide,  the  joggled  beam  is  still  more 
siiperior  to  the  sc^fed  one.  Thii  will  be  best  under- 
stood by  resolving  it  in  imagination  into  a  trussed  frame. 
But  when  a  gudgeon  is  thus  put  upon  that  side  of  the 
lever  which  grows  -convex  by  the  strain,  it  is  usual  to 
connect  it  with  the  rest  by  a  powerful'  strap,  which  em- 
braces the  beam^  and  causes  the  opposite  point  to  be-, 
come  the  resisting  point.  ^  This  greatly  changes  the  in* 
t^mal,  actions  of  the  filaments,  and,  in  some  measure, 
brings  it  into  the  same  state  as  the  first,  with  the  gud- 
gison  below.  Were  it  possible  to  have  the  gudgeoi)  on 
the  upper  side,  and  to  bring  the  whole  into  action  with- 
out A  strap,  it  would  be  the  strongest  of  all ;  because,  in 
general,  the  resistance  to  compression  is  greater  than  to 
extension.  In  every  situation  the  joggled  beam  has  the. 
advantage,  and  it  is  the  easiest  executed. 

We  may  frequently  gain  a  considerable  accession  of 
strength  by  this  building  up  of  a  beam  ;  especially  if  the 
part  which  is  stretched  by  the  strain  be  of  oak,  and  the 
other  parLbS  fir.  Fir  being  so  much  superior  to  oak  as  a 
pillar  (if  Muscbenbroek's  experiments  may  be  confided  in), 


588-  ifAffximtv: 

md  <Mkk  so  much  pveftrakto  00^  tf  ti^  tttg  cMMtnicUMi 
s^eiris  to  unite  botb  adranUges.  But  ife  sbaU  Me  mueb 
beU«r  nelbiMts  of  flMMflg  powinriul  UvetSf  girdrnv^  &e* 
bf  trassiiig* 

OlMerte,  that  th«  eiBoakry  of  both  notbodt  depmiAr 
entirely  on  tb«  diHkvtfgr  of  oailriiig  ibe  yieoe  beliMen 
the  oross  joinrts  to  sliAi  along  tho  tiaibtf  to  wliicb  it  «<**- 
beres.  Tbercrftre^  if  Cbfa  be  niodenite,  it  ia  wfong  to 
make  th«  iMitcbeis  deep ;  lilr  at  ioori  aw  lb«!7  are  aa  dlft«|» 
ttMit  tbeiF  ends  havi^  a  fopde  atiffloimt  to  ptsk  tie  rite 
along  the  Kne  of  jvndtioii^  nothing  n  gaiaed-  by  makiiig 
tbem  deeper ;  and  tkis  raqttirea  a  gnafttar  esptndiCma  of 
timber; 

Searfiffiga  are  frequeatfy  aaaclo  dblk}«e,  aa  in  Fig.  9^ 

btit  we  imagine  that  tlm  is  a  bad  pra«lieei    It  bagio^  tc^ 

yield  aet  the  pNiit^  whora  the  wood  is  aiappMl'  aad  aplbH 

tered  olT,  or  at  lea^t  bruked  o«t  a  Kttte  9  aa  tbi  p^Miara^ 

inereaaea/  Urn  part,   by  aquaeshig  broadev,  cauaaa^  th# 

sofid  parts  to  rise  a  littfe  tipwarda,'  aod  gifts  them  sdM^ 

tendency,  not  ohfy  to  push,  their  ailts^oiiiit»  dcfiig  the 

base,  but  even  to  tear  th^sta  up  a  ttttia    For  siasiltf  rea-^ 

sons,  we  dtsapprore  of  the  faff<mrtte-  pi^aetite  of  namy^ 

artists,  to  make  the  Mg\e»  of  their  scai^Bga  ocule^  a»  kt 

Fig.  3.     This  ofl^n  causes  the  tw<y  pHetts  U>  taar  eaeii 

other  up.     The  abntments  shouhl  alwtiys  be  perpeadiei»A 

lar  to  the  directions  of  the  pressures.     Lest  it  should  ba 

forgotten  in  its  proper  phK5e,  we  nwy  extend Hiit  ityUno^ 

tion  also  to  the  abutments  of  dilTereat  pieces  of  a  frame/ 

and  recommend  it  to  the  artist  even  to  atleisd  to  tlM 

shrinking  of  the  Umbers  by  drying.     Whe»  tw<^  timbe^a 

abut  obliquely,  the  joint  shoutd  be  most  full  «t  the  ob^ 

tuse  angle  of  the  end;  because,  fiy  diying,  that  ungle 

grows  more  obtuse,  and  (he  beam  wouM  then  be  in  dan- 

ger  of  spKntering  off  at  the  aeiite  angk. 

516.  It  is  evident,  tha^  the  aieest  work  is  indiapepaabty 
Mctusry  m  building  up  a  beam.    The  parts  a^aat  abut 


I 

Mieacli  (Afaer  cdmpleiefyi  and  the's^iill^fivf  or  rofl 
lakei  awayltie  wh6ld  ^cacy:  tt  is  iisual  to  giv^tM 
butting  joints  >a  sifiitt  Ciipelf  Ui  one  Mi  of  die  beam,  «o 
that  thky  tuAf  teqmte  moderate  \iHoWb  6t  a.  manl  tp 
feree  th^tti'in,  and' th«  joints  diaj  be  perf^ly  lAosi  When 
Uie  toctenMl  ^tttf a<<^8  iEU*e  o^en  on  «iDah 'iiiJo  o^  the  beaini 
Biii^^e  most  not  exceed  hi  the  Uast  degree ;  for  «  very 
ta^r  wedge  hatf  gf^ait  ferMt  tTnd-if  frcf  hi(ire>drfTen  the 
piec*es  togethifr  bj  rery  heaty  bloirs,  we'lOat^thH  ^bofii 
in'd^t«  it  violent 'Hra}n;atid  the  abcrttti^t^  ar^per- 
tii^  tetOy  to;  &ffMt^  <i(Phf  a  sdmll  kiiitioti  oF  prsb 
enre;  Q'his 'la  'like  tdo  severe  4  proof  for  aitilkrf ; 
mUidki^  DhMfh  hot  fliiflkfeilt  <t#  buTfll  the  ^ieo^s^  ^Kaa 
lire^eried  Ihem'to^'Mch  a  de^ree^  that  the  strain  of  oci- 
liiiNHrf  sertfce^  k  iMffictetit*  to  eoavplHo  the  fnic^ar^ 
Th^  ^^oHbaon  ft  tnhipted '  td'  exdeed  io  thif^  beoauso  it 
smootlH  otrafMl  t^Oteals  alt  tldeif^n  ieams ;  but  he  must 
bo  i^attihed.  It  is '  not  iiniisual  to  leate  aooia  abutiheatB 
^Opott  OAOygh  to  admit  *ii  diin  Wedge  reaehhig  through 
tiie  boa^.  Nor  ft  this  a  bad  ptatitii^i  if  thcT  wedgtr  ft  of 
materials  wh^  aro^  niot  tompMssed  if  the  driving  or^ihe 
attfllfr  of  seTvlee.  Iroti  woMd  be  preferable  for  this  puht- 
^Me^  and  for  the  Joggles^  irei<e  it^not'tbiit  by  its  too  gnslt 
hardness  it  cripples  the  fibres  of  ttiMr  to  idmo  dl^tanoe. 
'liicoinoquencieoiPthis/k  often  hijpffetos  that,  inhoams 
which  ai^  sobfaeted  to  d^okoiy  aiid  'iodden  strains  (Ob 
)n  tho  htwst§  of  i-deiproi^ating  libgides^)  the  joggle  w 
If  edges  wldeit  4ho  holes,  and  wdrk  tbemscHv^  lods^: 
l^herefore  sirjiful  engineers  never  admit  ihtflh,  and  indeed 
as  4ew  bofts  as  possible^  for  the  saase  l^asoli :  iMit  when 
resisting  a  steadj  or  dead  pull^  thej  are  not  so  improper, 
atid  are  frequeaHlyused. 

-'    d^t7.  Seams  vre  ballt  up  not  onlj^  to  Increase  their  di- 

tnensiotis  in  the  dilution  of  the  strain  (which  we  have 

hitherto-  called  their  depth),  but  also  to  inoreasa  their 

^neadtb^or  the  dmieiisions  peipertdiciilar  to  the  strsuu 

YOL.  I.  2  h 
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We  BomeiittM.  double  the  breadth  of  a  girder  vAkkh  h 
thought  too  weak  for  its  load»  and  where  we  must  not 
increase  the  thickness  of  the  flooriog.  The  mast  4>f  n 
great  ship  of  war  0iust  be  made  bigger  athwartdup^  aa 
well  as  fane  and  aft.  This  is.  one  of  the  nicest  probltoii 
of  the  art ;  *  and  professional  men  are  by  no  oieans  agrtoi 
in  their  opinions  aboiit  it  We  do  not  presume  to  da* 
tide;  and  shall  iCOQtent  ourselrea  with  exhibiting  the 
diffrnqt  methods^  -  . 

518.  The  most  •  obrions  and  oatimd  method  is  thai 
shewn  in  Fig.  4.  It  is«  pUin  that  (independent  of  the 
connection  of  cpoas  bolts,  which  ase  used  in  them  all 
when  the-  beams  are  square)  the  pieoe  C  (saanoi  bend  in 
the  direction  of  the  phme  of  the.^gufe.  without  beodii^ 
the  piece  D  along  with  it  .  This  method  is  much  used  in 
the  French  nayy  ;  but  it  is  undoubledljr  imperfect. 
Hardlj  any  two  great  trees  are  of  equal  quali^»  and 
awell  and  shrink  alike.  If  C  shrinks  more  tha»  D»;the 
feadief  of  C  becomes  bose  in  the  greoye  wrought  in  D 
to  receive  it;  and  when  the  beam,  bends,  the  parts  can 
afide  on  each  other  Uke  th^  plates  of.  a  fH>adi  spring ;  aad* 
if  the  bending  is  in  the  direction  t  /,  there  is  nothiag  to 
htn4er  thb  sliding  but  the  betes,  which  soon  work  thfim> 
selves  loose  in  the  belt^holes. 

610^  Fig.  6.  .^^hjibits  another  :metlv)d«  The  two 
halves  of  the  beam  are  tabled  into  each  other  in  the  same 
manner  as  in  Fig*  1.  It  is  plain  that  thia  will  not  be  a£- 
fected  by  the  unequal  swdOing  or.shripking,  baeanae  this 
.is  insensible. in  the  direction  of  the  fibres;  but  when  bent 
in  the  direction  a  6,  the  beam  is  weaker  than  Fig.  4.  bent 
ijd  the  direaion  ef.  Each  half  of  Fig.  4u  has,  in  every 
part  of  its  length,  a  thickness  greater  thau  half  the  thickr 
ness  of  the  beam-  '  It  i^  the  contrary  in  the  alternate  por- 
tions of  the  halves  of  Fig.  5.  When  rae  of  them  is  bent 
in  the  direction  AB,  it  is  plain  that  it  drags  the  other 
with  it  by  means  of  the  cross  butmenU  of  iU  taUas,  and 
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tik«K  (Smhi  ttb  longitadinal  sliding;  But  viitato  the  i^ork 
is  acfettrateij  executed,  and  eadh  hollow  completely  filled 
tip  by  the  talrie  of  the  other  piece^  there  will  be  A  later d 
•lide  along 'the  cross  jdiatsr  sufficient 'to  oompensaCe' for 
the  cunratifre )  and  thw  .will  hinder  •  the  one  from  <iom* 
presaiog  or  stretching  theiotber  ill  eoifformily  to  this  cur<^ 
▼ature.  •    •         •      *  .   • 

690.  The  imperfe«tion  of  this  meAod  il'  so '  bbnous^ 
that  it  has  seldom  been  practised-:  batit  has  been  com4> 
Uned  with  the  other^  as  is  represented  it  Pig.  &  where 
the  beams  ai^  divided  along  theikiiddk^'  and  .the  tables  in 
each  half  are  altbmate^*  and  alternate  also  with  the  tables 
of  the  other  halt    Thus  1^  3,  4,  are  prominent,  and  5, 
8, 6,  afe  depressed.     This  construction  evideiitly  puts  a 
stop  to  both,  sides,  and  obliges  every  part  of-  both  pieces 
to  move  t4^ther«    a  b  and  c  d  show  sections  of  the  built- 
ttp  beam  ^corresponding  to  AB  and  CD.        . 
'    No  to6t9  Is  intended  in  this  practice  by  any  intelligent  ' 
•itiit>r;  than  tbe  caabing  the  two  piecesr  to  act  together  in 
.nH  tbtir/pfrts,  aRhoagh  the  strains  may  be  unequaUy 
^Stribttted ,  on  them.    Thusy  in  a  builttup  girder,  the 
4rindtn;g  joints  are  frequently  mdrtised  into,  veky  diflfereilt 
,^arts  of  tIaS  t?wo  ddes.    But  many  seem  ta  aim  at  mak- 
ing the  bejstn-  stronger  than  if  it  were  of  one  piece;  and 
tiiie  incoOsiderite  prqect  has  given  rise  to  many  whimsi« 
oat  modes  of  tabling  and  scarfing^  which  ire  need  not  r^ 
gard. 

5ftL  The  practice  in  the  British  dock-yards  is  some- 
what different  from  any  of  .these  methods..  The  pieces 
are  tabled  «s  in  Fig.  6«,  but  the  tables  are  not  thin  paral* 
lelopipedsy  but- thin  prisms.  The  two  outward  joints  or 
visible  seams  are  straight  lines^  and  the  table  No.  1.  rises  ' 
gradually  to  its  greatest  thickness  in  the  axis«  In  like 
manner,  the  hollow  5  for  receiving  the  opposite  table, 
'  sinks  gradually  from  the  edge  to  its  greatest  depth  in  the 
asii. '  Fig.  7.  represents  a  sectibn  of  a  round  piece  or 
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tiBlnr  iiiai«|^ia  tUi  irmy^  ^vHmm  the  Ml  fibit  BFOtf 
ift  die  Moiipn  torrespeiidiiig  Ito  AB  ef  Fig.  ft  and  the 
dolled  line  ECrFH  U  the  te^ion  corr^fettMeg  tn  CD. 

TUt  e(»istre«tiiHi,  hy  wtMkg  the  tgrtentel  seam 
8ln%bt»  lewes  no  lodgtoeiii  flor  water,  and  loeka  tnnch 
Hm&r  to  the  eye:  but  k  appaatalo  ut  that  il  doev  not 
give  such  firm  hold  when  the  mast  is  bent  in  the  dinM> 
lion  BH;  Hie  coilarior  parts'  niis  m«|t  iBtretehed  and 
moat  ooatpreised  hf  this  lMindia|ft  but  there  is  hanH^ 
may  abaiapNitt  in  the  exterior  parts  of  these  tiMes.  In 
the  vsijniaiis,  wbeve  the  dbntsMidt  is  tba  fimiest,  tbare 
is  litlle  or  M  diftb-entoe  if  eKteosion  and  oanfressaon. 

But  this  eonslfiu^tien  has  an  slitahtage,  wMehwe  Imi^ 
gfae  moch  mopt  than  ieojmpensviei  Yor  ithese  ii|i|tef4hctioaB, 
«t  l«|8tiin  tlie  partioQiar  <»se  4rf  ^  roanid  niMCf:  it  wiH 
^xwti  together  hgr  hooping  inoompafably  liatier  than  «nf 
of  the  others.  If  tfie  oawity  be  ftiade  eoipewlial  too  ah|d- 
low  for  the ptoaJinenee  of  the  tables,  and  if  thishedone 
idniibpnily  along  dm  whole'  iengtli,  it  will  matoa  mmm- 
What  open  eeaan;  and  this  opening  oan  be  rtgf lated  fvith 
the  iittno4  eiadtaeas  ham  end  to  end  bj  the  phale.  The 
lieart  of  those  %ast  tranksis  petf  ^ensibly  eoOar  than  the 
exterior  ^^Mies :  Therefore,  when  the  wftoki  is  hoopel, 
-and  the  hiMipi  bard  drii^«tn,  and  lit  considtudbic  inlemds 
between  eeeh  •spelt— we  me  vonideat  that  all  may  be 
'  eomprfpscd  tilt  the  seam  disappears ;  and  then  tlie  whole 
aiakas'one  piece,  ntuci  stronger  than  if  it  were  an  orij^ 
)Hd  log  air  tfiat  sice ;  liecause  the  middle  lias  becoiie,  bj 
eonpresaiony  aa  solid  as  the  crust,  which  was  naturally 
fii^mer,  and  resisted  Mrther  compression.  We  verified 
<bis  beyond  a4oubt,  by  hooping  a  buMl  stidr  of  Cttttbci 
winch  has  diis  inequality  of  firmness  In  a  leaiisttablu  de- 
gree, and  it  ^as  nearly  twice  ns  strong  aa  another  of  the 


Our  masttoahers  are  not  withont  their  fiincies   and 
wliima;  and  the  manner  in  which  one  masts  and  yarda 


tri^  t)[Mi«ny  bunt  Qj^,  iiiM  il«teWmi|le«l^.0.9 

Tcfjr  Mtti«  mknnw^  sod  deriii^  aU  its  dkHcf  (tMi  Amp 

Sesi  This  eornilHicabib  h  portSbikrtJr  8o{f«i  to  €lS^  i4i 
tufttion  and  office  of  a  ship^s  mast  It  has  no  bolts ;  6ti 
at  feMt,  noii^  of  anjr  iAft|[nitlkte;  df  ifalf  ituklf  Wr^  tin- 
pOr^nt  ^s  of  its  co^tfttctloA.  Tkk  ttioit  ttbtetti 
!ttillll^  ))ta4il)^  tiiftt  it  i^  ^l^sed  fO,  h  UmI  Of  t1«4tiflgfj 
#heik'tM^  tow«r  yttrds  Hiie  close  bl^iieed  «ip  h^f  *th«  fiNrcei  Of 
temjktfn  acting  by  a  1oD|f  \ewet.  'tiik  iorm  fierists  « 
f i^iftC  With  fitenfiitf  etfiergy ;  It  fe  therefore  m  «x<^l«M 

way  ill  wK«h  fkey  are  Usually  bitill  tiip  is  hgr  feductni;  • 
cMtMl  to^  to  ll|»d^^lli^  i^riatt,  and  theii  illhil;  it  up 
to  tlMf  faitmd^  «ii^  by  ^UMlkg  ^iece«i  of  iiialber  aloifg  Iti 
Mk^  ^iMter  ijpttlkig  tlMto  ddirii,  or  caking  tbetn  inio  tt 
by  ir  ftillM,  4r  Jogglf|t|f  th^tti  b^  dips  of  Kartt  woisd  iUoK 
ittto4b«  ^Mttat  Ic^  alid  Into  flicf  tflipi.  K.  M.  Jiof^te^  df 
efab  ar«  sOiMtifi&es  taM  id  the  ttiddie<  6f  tb«  larg^  taUei 
of  tnim  i  Md  whM  snnk  ibto  the  dtf^m  Wood  ilcMdr  lh« 
sitfftce,  tlhejr^  nauit  cotftifbute  tnucb  to  iSe  strength*  BlU 
H  b  ¥ei^  iieceiisafy  to  etaphy  wood  not  Amch  bufendcf 
than  the  plfte ;  otherwise  it  witi  soon  etilargf^  its  Iie4»  a^d 
become  loose;  for  the  timber  of  dMO  iai^ tftfnls  ia  t«#f 
floft. 

MS.  The  most  genMkl  raasoti  fiir  ptedng  a  beam  la  la 
btittmi  Hm.  imgHk.  rtliU  b  fm4«6s11y  aiNMsaljr^  id  ol^ 
td^plMfM  tie^beanks  fer  v^  Wide  iMfti.  Two  piaesf 
mast  btaeaifed  <4g«tber.^Nufitbei*l«8a  afo  the  model  aC 
doing  tkis4  ond  ttlmosi  ^my  mastet  earptater  baa  hw 
flMNiifta  aostfiiasu  SMie  ef  th#itt  mw  imy  hlgenioBss 
But  bars,  is  iis  aAer  eiMks)  the  adost  shiplo  dro  eemlM» 
ff  the  slMMgist  Wo  do  flol  iftiaghw  that  any,  the  naat 
ifaigiaioils.  Is  equally  MMiig  with  a  tie  i^sihtiag  of  tfi» 
pMwoT  fbo  sadio  irtiatKaf  Wd  oter  tub  oiNrMa 
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^eftm  lengths  aii4  finely  hoiKfid,  tog^her.  We.aek«oir« 
ledge . tbat/rjUiif  will  appear  an  artless  aiid.<;{iiin^7''tUi^ 
bwD ;  bul  we*{>iily  say  that  it  will  be  stronger  than  ^my- 
that  is  more  artificially  made  up  of  the  same  tbicbpie^  Qt 
tjmber.    Thiflt*  we  imagine,  will  appear  sufficiently  cer^ 

.  The  simplest  aiid  finest  ojiiyious  scarfing^ .  (after  the  one 
90W  mentiofied)  is  that  rei»*esented  in  Fig.  8.  No.  1.  ^2,  If 
^nsider^ 'merely  bb  two  pieces  of  w^od  joinedf  it  is  p^in 
Ihaty  am  a  tie,  it  has  but.  half  the  ftrength  of  anjeutira 
piece,  supposing  that  the  bolts  Xwh^h, are  the^^y  cosh 
pactions)  are  fast  in  tb^  holes.  No.  %  Tequircis.a  bolt  ii| 
the  mid^e  of  the  4carf  to  give  it  that  strength ;  aada.  ia 
every  other  plBrt,..is  weaker  on  one  side  or  the  other. 
•  But  the  holts  nre  vc^  apt  to  )>end  jby  the  wlent  ptrain» 
and  require  to  he  strengthened  b^  .uniting  their  ends  by 
-iron  plates;  in  which  case  it  is^  no  longer  a  wooden  tie* 
The  form  of  No.  1.  is  bet^^r  adapted  to  the  office  9f  a 
pillar  than  Np.  Si- ;  especially  if  its  ends  be  fo^i^^  ip  the 
manner  shewn  iq.  the  eleva^on  No.  3*  By  the  sally  gi«* 
yen  ip  the  .ends,  the  s$arf  resists  an  effort  lto  bend  it  in* 
thtjL  direction.  Besides,  the  form  of  No.  2.  is  unsuitable 
Cpr  a  post ;  bemuse  the  pieces,  by  sliding  on  eadi  otlier 
by.  thie  lU'essure,  are  apt  to  splinter  off  the,  tongue  which 
eo^fioea  theif  extremity. 

Fig.  9.  and  10.  exhibit  the  most  approved  form  of  a 
•eacf,  whether  for  a  tie  or  for  a  post.  The.  key  .repre- 
aelited  ii\  the  twiddle  is  not  essentiid^  qecessaiy.;  the  two 
pieces  might  simply  meet  squi^  Uiere.  Thb  fonub  with^ 
nut  a  key,  needa  no .  bolts  (although  they  stnagthen  it 
greatly) ;  but,  if  worked  very  true  and  close,  and  with 
ffaase  abutments,  wiU  hold  together,  and.  will  resist  bendv 
ing  in  any  ifirectkm.  But  the  key  is  an  UBgenions  and  a 
very  great  improvement,  and  will,  force  the  parts  tog^tbef 
4with. perfect  tightness.    The  same  precaution  must  h^ 

4)b«4rml  iH%  v^*  motioned  on  ooptfafir  <«coeriK»u  w4  hi 


^itdfMttt-eoiisUiit  iatefttel  .strain  oii*tlir|iaK8  by  mwt^ 
ilrin%>tlie  kty.  Theform  of  Fig.  9.'U  by  far  the  bett; 
btiuaiMH  tbetftriaBgleV  Fig*  l^«*i^  ™^>^  Miiar  flplintered  off 
bgr4b0  tliaaiy'wi^itbe  key^  tban  the  tqiiaDe  wood  of 
ng.  9.  -  .It if  farfmfaraMeftr.a  pott,  foe  the  reason  giFM 
mh^n  fpe^dag  of  Fig.  a  No.  1.  <t  8.  Both  may  be  formed 
with  asaiiy  at  tbe  cods  espial  to  ibe  brtadth  of  tbe  key, 
Itt  tbiauhape.  Fig.  9.  istraadynreU-iM^'^  joiaiag 
tiw  pasta  of  tbe  lottg  cemor  pi»tB  of  9pmt»  and  (rtber 
Kin&bde«s'loifef«.  F%r.  9.^No.  ft  diftratfram  No.  1.  only 
byihatUg  three  keys.  Tbe  priliciple  and  tb^  longitttdK* 
Ml  sftreDglfaaiie  tbe  saiMi  Tb^iong^caif  of  No.  2.  tigbt- 
ened«iqrtbe  tUree  fc^s,  enablea  ifc  ta  veaist  a  bending 

Si^neof  tb^seiearfed/tl^beama  ean-bate  more^iaa 
one-third  of  the  strength  of  an  entire  'pieee,  unless  vritb 
Ibe'ass&taiiee  of  iron  pkles  ;•  for  if  tbe  key  be  made  thin- 
nit  tban  oneitfifaia^'ft  Utfs  leta  thM  ona-tbird  of  the  fibiti 
topidl^yy.  J. 

'  \W0ar«'oan(6dabi  theftfora^  tbat-^bm  the  beads  of  4be 
fablU'ero-oonneeted  by  |riates^«jtbe  afanfde  form  of  Fig; '8. 
N».  lri»  stronger  tbto  tbose  <itiore  ingenloas  8ear6ng6. 
liinay  be' «trengthanad  against  lateral  bealbigs  by  aHfttle 
langM;  dr  by  a  sally ;  but 'it  emmot  bare  both. 
694.  The  strongest  of  all  metboda  of  pieefa^  a  tie- 
.  beam-  woold'be'to'  set^the'  parts  end tbend^  and  grasp 
tbeai-'between  other  -  piecea  ao  eaob  aide,  as  in  Fig«  U^ 
TUs  is  wbat  the  sbip-wrpeater  ealb  JIMngm  beam ;  and 
is  » fre^pient  pra^lieefar  Oceaaional  vepaira. .  Mr Penronet 
nsed  it  for  tbe  tie-beams  or  stretchers^'  1^  which  he  ton- 
Mcted  tbe  opposite  feet  of  <a  centre^  wbksb  was  jrieldia^ 
to  its'ioady  and -had  pnsbed  aside  one  of  tbe  piers  above 
foor  inabes.  Six  of  Iheae  not  only  withMood  a*  strain  of 
1800  tons,  but,  by  wedging  behind -tiiem,  he  brought 
tbeleetof  the  thns  8^  inches  nearer.'^  The*  stretebera 
irece  14rmebea  by  11  of  sooad  oak/  and  icoiHd  have  mHi^ 


M6  amnmmn 

bcBMof  t^«ft  4lff6tdiar».iMlil4.Mpai»l]|»  1(1  llwi^^ 
nf  beiMling^  tDV AA  tin  twt»  iidti  |»«l«>iiii»  Ihe  viWdii 
IMfio^  Tim  icirfiog  » m  of  4he!|jri«ag«liir4^ili4 « (  TitiA  41 
/•pSter),.  A«dl.oilljr  to  isiA  icep*  ttck  iite  htMgkm^itfk 
loBi,  «^  t^e  bull  liMMd  ikteiifh  elatt  M.the  nHglok 

.  Ia  fiieciBg.IlM^  |iuttfi4r<Hli^  mndl  otber:  ilroodBBisliftttaiieri 
•f  gveili  eogiMs^  M  dfepc nikpw  k  htdlon  scurEpg^  aad 
UiQ.  ei)giiieer:ti9dnrfsla  erery  Ihisg^A;  iron  :itaipt^  iW« 
iMM  Ihli  fXPiMcietjF  of  IbM,  «t  least  in  €Miiiwli*ft.itM 
lyjik  of  \im  v#od#ft  «oiuEMic|iotf  is  Ml  iMito Y«w4pi. :  VlhiM 
flbwrviaittDi.  amftt^  8u(Gottfir  Ihe  jnttkod«.en|ilagrM  Im 
connectii^  the  parts  of  a  beam ;  and  we  now  |MMA  In 
CMM«der  vhtM*  al^  iMrt  vaiulUy  ctfMi  IkeJAittU.of  ^fiMt 
fff  earpeiktey^  *. 

£a&  Wfa^  Ihe  beam*  ttMdl;«)aMre  witktadi  eAhoT) 
wd  tb»  atimioi  .att-aho  jfiai^  wilkl  (iM  biMnf  ^mAi^  iba 
plane  of  th^  frame,  the  common  moriisf  and  leMvliftba' 
DMBl  pdrAct  J<»iii|ji*ii. :  Ji  pin  ia  gmmt^  fmi  tbiwgh 
b^h,  biwiler.|o.lm#ktli0f>uiiM«inH^  iii.ii|ipQ9Mai[|if 
aayicfee  w)ii«b  Mnda  lo  part.  Um».  £vfr;f  e^rprnMC 
kMv«  how  tok  jher^  the  b(»Ie  for  |bi»  pHH  t^  4bii  ifc  fdb^H 
draw  the  leAW  ligbl  Mito^  tbfi  iiei^ia^  avd  worn  tba 
ahoulder  to  bul4  date,  and  melKe  hohI  .worii;.  w4  .he 
kaofifs  Ihe  rjdi  of  iMrinyiaiil  tte  bit  qC  tbit  tftHaalwyimd 
tbf  piti^  if  b^  iltfaw  jl  tao.n^udi^.  Wft  waj  jaal  obfitffti 
tbM  .ai|4itit  M«*MPA.|Mni.Mr»«ilicb  pMiiffiiUt  tar«l>M 
fiMM  lor  tbti  piirp00e^  iMiiilfiag  «mre  aC  (b^  w«m4  :  19141 
mM^^i  vitii  <le4«  tfqndancjF  to  qilil  »&•  The  ibif^.  cMiffUr 
%m  biMrean viimiQiii  method  #f  iQabing  ]m^k  ym4Mk 
b^lMi  y«iy^h..ft^  let.pum  ^omnkKaljF  tfcrtugbs  t#ke  a  fi^rji 
|fii3t:boUr  tkHH^b  apt  nic^y  fitted  ta.Mieir  h^%  wUcb 
tbej  iMs^  jio).  b^s ,  Ifit  tbcQT  abptfl4  be  ^ppl^d  19^  driimg. 
?;^ V  i;f  U  it  foto^  ¥^9g.  Tb^  Mi^  brto  tb^  ^iomi 
MMiW  lJWn.fr«|l|eirf  b v4  *woed|,  «^  «a  tp  jj|% 


m 

«4ii«p«KlililMldfto^(llit'ttdetfi  ^Ehfo^bapWifliaaBtt^imllf 
«c|failigtiilii«irpi»ilrsn?  /if  tl^  «id»«CHrf>  MtriktHM 

IMisllt^;  ffJv^iftiajF  be  bv«fiM  ssolbUn^u*  iiefc^lU 

niri  wwMi^wtihi^  jfelim  if  MP^^Qb  ;  ibiilrii«iig^aiiiiif.t«^ 

«klli0i:B^4,  ililbMiiubBt^  nidi  htm  miUfailir  ^Sucl^  tad 
thfdtOiHBiflit  iiiynuMBPi  vXkrtMeKti«feofAll^ft)iHBdgW 

MMtiiid Inravd. IherUitliiBit '  '^''•'' 

When  the  strain  is  transverse  to  the  pime.oi  ihevtisli 
Id^s)  the>  ptBnidiii  4aid  d*ilrft  as  aie#licfe;8fiisaA»rM 
OT  MjtemkMk^  wi^  liiie^: thetudUi  in  piacMg  bU ncpl 
tisci.  Sbw  tbetmoltiBa^Bi  af  jiwhi.  fdr  ledBwiinf  the  4ia^ 
tettoi*  a  bfaidMkg;jciat4)r<#  fiodf  ^booWt  baiaa  oedr  At 
\Bp^  sida at  pcifliUt^,  btamas  ith^.gMier  beooaais  ttow 
caaacni  that  aida by.  tbe  straiav  ^ailiaaihip  aAfnM» Iki 
MKiibof  Ibeihindii^  jofafetotbii  rUbaf  heiag  IgrdtcrfQ 
a4aa»eaiil]fl#d  t»  «ipBliia  faaHfer  d^aa.  TUe  fidta^ (Sig^ 
ia.y  geBerally  gitda  t<l  lida  jainiiaaxiraiiM!^  jallicibw 
Tbi  slapipg  part «  b  gMes  a  aairj^  4lr|p'su{ipari  Wlba«rib 
dilianal  bfaab»|;  )e.:<i^'  wilfaAot  teiclk  ^teUniag  of  tba. 
IfiMa^.  TbiaCoft'm  IbtaU  ift/aapad in  atery  caia  wbwl 
ibealnuniliaaaddlifairdiradtisaib  ^ 

let.  The  JKNOt  thai  aaaifcaf  lail  debusda  the  caicM 
aMaittiaD  af  tha  arijut^  iattbal  Whi^  caHUoU  the  audi  af 
bwMbsi  «toa  <rf  Wbick.fNulRs  tbaiifthec  jrdqi . oUifMl^ 


buUateof  thn  is  tbe fsol of.  ft  rafter  proMing on  llie^feh^ 
team,  aaii  tlierebf  irmbig  it  awsy  fitMn.the  (Hher -  waHr 
Wheii.tiK  dnrectMS^'U;  veiy  obliqm'<iii'WfakhaM.|]i^ 
AKMidiiif  8trflin>  tl»e  gPMteftt),  lit  bdificiiH  te  gke  tli« 
foot  oC  the  imtker  ««di  s  hold  of  theii»heaai  w  to  b*ng 
njurf  of'  H»  fibres  iiito the  pnoper  aiotioii.'  Tbeit  wooM 
he  Kttle.dificiiltyif  We  oodM  elhmUie^iid^  theiffe. 
heim  to  pFoject  to  •Mill  dwtonoe  bejrond  the  foolef 
the  nfter  :biit»  UMbed^  the  fikneBtioni  whioh  are  giMi 
Id  tieJlMuaBf,  far  other  reeswM,  are^ilwojs  eoffiieieot  td 
give  enouifb  ^  obutnient  when  jdiieloiidy  eluplofML 
Unftrtoiuiteljr  this  jcdot  isnnich  exposed  to  firitave  hf 
the  ^eel»  of  the  woether.  It  m  nmeb  czppeed«  vad-fr^ 
qaehtlj.  perishes  fajriitit,'  or  bebomes  eo  soft:  end  firiehfe 
that  a  Torjr  snail  fare&  kisuikiettt,  .eilher.ibr .puling  .the 
fileiaeBts  but  of  theftieheaiB,  or  for  ieroehi^ 
ther.  We  wn  Anrefdre  obliged  to  seenredot  srilh 
eular  attention^  and  to  ayail  *oarsel«es  of  enry 
steace  of  eonstniK^Mon. 

.  Qoe  is  aaturetty'  disposed'  to  gtre  tiia  rafter  a  deep  holi 
bfafaMigteaoa;  but  it ^has.bera  frequently  ebeerved  ha 
old  looft  that  such  teainis  hreah  off.  Freqaeatf y  theji» 
are  obeereed  to  tear  up  the  wood  that  is  above  them,  aa4 
push  their  way  theough.the  ead  of  the  tie-beam.  This, 
ia  all  piabability,  arises  fiam  the  first  fii^iag  of  the  r6of, 
by  thecoeqiressioii  ofithe  rafters  and  of  the  head  of  the 
Ung^part..  The  beadof  the  rafter  deseends,  the  aagb 
with*4ha  tiff  beam  is  dimiaishod  by  the  rafter  rerolifiDg 
raaad  its  step  intha  tie-beam.  By  this  moOmi  the  heel 
arinaer  angle  of  4he  rafter  beeomes  afidcenni  to  a  yevy 
loag  and  powerful  levaamiieh  biaded.  The  teoonisAhe 
other  ariU)  very  short,  aad. being. still firosh,  ttiatheia^ 
fore  very  powerftri.  It  therefcfa  foroes  up  the  wood  that 
is  abore  it,  teanag  itnmt  irom  between  4he<eheeiE»  of  tfaa 
ipoE^  aad  then  paahts  it  alpng.    Xaspentaca  ham 


iftmk^  long  tdnonB)  mid  .^hre  to  the  toe  pf  tho 
a  akapQfuAticb  filmt»iiip^j«  inibe  direjB,tion.o{\llie 
tfaMMy.on  ito  lolid  bottom  Qi1^,^mottMpy  wbieb  is.ireV 
MqgfMirled  omAhft/uiMler  iide.b^  tbe  jvr^U-pb^te*  Tbi*  form 
has  the  farther  advantage  of  having  no  tendency  tp^leni 
fipsthb  end^  IbO'^mortise^  Ii.is,t'epi:!ec(efited  iiiFig.14. 
Xbe  Jlenea .lias  aitsmall  porttoi}  ab.cuti  perpendicBlar  to 
IhckfiMrfaGexrf.  tb^  tle4Nam)  l^ildl^e  H9t  hcU  perfieodi* 
wlar  to  the  nfter,    . 

(>.]Bcit  if  .thl^  ttooA  ia m>t  juffiMotly  tlroiig  (fLVnAit  if  not 
so  strong  bb  the  rafter,  wJii^  is  tho«^;hl  iM)t<  tp  be 
jteM^iibiyDlbiiieq^ssary),  itwill  be  crushed^  upd  then 
tlie<ttfter  will  shswlft  oiit(  aleog :  tbe  surCsee  of  the  beam. 
lA  is  therefocfi  oeeesaerj  to  ^sil  in  the  assislenoe  of  .*the 
lahole.  rafter,  ••*}It  is  ib  this*  dislnbutkm  of  the -dtisaiB 
wimmg  the  varioua  abutting  parta  th^.the-  Tarietjesof 
Joints  and  their  merits  chiefly. consist.  It  iroulid  bc)  end* 
isas.tQ- describe  every,  nostrum,  aad^we  i^all  oi|)y,meB* 
iiGBi  %  few*tbet.ace  most  generally  approved  of. 
. .  W7.  .The.atm-itt  Fig,  15.  .is  tq  mpdke.the  abutmenMiex^ 
J^T  peilienAicsileC:ti^  the  jtl^rusts^  >  ^  It  does  tbb.  very  pre- 
cisely ;  and  the  share  which  the. tenon. and. the  shoulder 
JbsJM  oftthevtaiietmay  be  whutrwe  please,  by.  the  portion 
M,  the  beam  'thet;  we  notch  doi^ii.  If  the  waU-plate  lie 
4aiy  .befoio  tbe  .heel  of  the  mfter,- there  is  no  risk  of 
j^tnbmg  the  lie  api?oss  or  breaking  it,  b^ause  the  thrust 
.is  mode  direot'^o  tbet  poiufwhs^  the  beam  is  supported 
.The;  action  is  tbe  sgme  as  against  the  joggle  on  the  head 
M  fopt  of  a  king-post.  We  ba^e  no  doubt  but  ttuit  tfaji 
.is  a  veiy  efiectual  joint,  It  is  Aot,.  however^  .much  prao> 
tiasA  >lt  ie>:ipi4  th^t  the  i^h^ing  seam  at  the  shouMar 
;l(l4S9*.  vi^ter ;  but  the  gi^i  reason  seems  to  be  a  secret 
.niDtiop  thft  it.  wwkeos  tbe  tiarbeam^  If  we  consider  the 
direction  ia  whi«h  U  jscts  asja  Ue»  we  must  acknowledge 
jtlmt.tlMAffra^.  takes  th^ '  best  iiietho4  for  bringing  ttte 
whole  of  it  into  action, 
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UAnly  W4im.  WiMit  pmn  40  tm  UraM  Am  ii^io^ 
1^  Che  tetioit  M!ts  obMiiMl^  ^  tke  Jcii*!  of  tlit  tlniMdj 
Md  gii^  tto  ti%(^  •  t«*deii«jr  to  ritfi^«|i  amI«  «liii^^«p|4 
Ward.    • 

Thft  8lMuld«r  joiat  ts  Mhe&tttfi  tmn&^  llhe  <in  MUfi 
line  a  ft  f  il  f /^  of  Fig.  M.  ThW  !•  idlidf  inM«  Ilgi4#. 
atde  lotle  tni«  prlnd^lD,  and  wmH  M^  «'v«7  pirMl 
method,  were  it  not  that  the  mtenrab  ¥*\mdt4f  im  m 
i\itir%  (hat  thtKttte  wodden  lrialigMli#ii  4^;^  iMIbe 
(^»yptaifcedoirtteifbdiM»«f,tf/ 

fig.  17.  seeitig  toliave  the  ttosl  fgmuHmfpgdbitim. 
n  ft  the  joint  McMiiiiattdfd  h^  Flire^  $M  M|MiM»«D 
k>6lnirf^4wpentryaatlielrM?jiWiirfirar4^^  Th* 

irliiMe  •boutder 'j^flt  i»  iliuh  #iti  the  vppar 
thetie.lbMm.  Tbe  aagleof  tki  Unon  alidbe  Ue 
bbectf  the  dblase  imgkr  fimafed  bjr  the  ndle»  and-ibt 
beam,  and  ia  dierefhii^  80<iie#hit  aMlk|Mlotie  thnnl 
The  inner  sbodhtisr  a  c  k  Miriy  yieiyaiiiiilikr  f  i-dL 
The  tower  Mgle  of  the  tem^  ia  eat  oiTbaateaiAlfeillf  a*  at 
If  d:  r\g,  19.  ii  a  aectiM  df  Ihe  beua  aad  latfte  fbo^ 
shewing  the*'  diAieut  ahMlders.  

We  do  not  iMAreei^e  the  pee^liav  imM  eflkla  JoML 
Hie  edfeM  of  the  three  eMi^  abotfiidAii«f  ^  #e,  94,  k 
undcnibtedly  to  ftiafte  the  #lN4e  iMmh  ihd  Mlereai^ 
the  MoHke^  and  there  k  ne  ether  ]iart  at.  th^  tkieeia 
that  nilikefl  immediate  reiktaeMei  \U  oftlf  iri^Mrtug^ 
erer  lb  tehon  extending  in  the  dkecfMn  ef  ^  tteMt^k, 
that  It  #1H  net  tear  tip  (He  weod  idH^eii  Hid  did  k^ 
«ier  ihonlder  had  the  felrtt  t  e  t,  faevittg  tta  kit^i^  f9S 
pendictilar,  it  wonld  certainly  hate  aefed  ttore  |ft*werfWI>' 
in  stretdilng  many  ftamenu  cf  the  tie^tteaeos  drtlUMnld 
Iiaye  had  much  lew  tendeney  to  foreeMI  tile ettd  if  Hie 
mortise.  The  Bttle  bit  t  i  WoMd  hav«^  fM#eiri«d  the 
iFtdiitg  upwards  along  r  e.    At  Any  rate^  tlW  J«iM  d  »  be^ 
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M  Ihb'ihcnllcr « e. '  *    ^1   . 

<  l%4  Kl  1i«L  il»il  a  *8i»plar^  and,  in.ow  opin^ 

mHkt MJUffttiUmB  fcr^  oUivin  Unmlt;  but  it  Jinefy  cni- 
yliyi  lilt :<fc  tto  ■■!>  liiiB  rf  -the  iMiMn  tH»  Iw^t  te 
mmi  wMtimt  If ■rtuwng  it^  'vt  JtMt  «fheii  it  ^  ■■ypofted 
w  4bft  <4her^iid»  by  tbi  pidb|i|y«. 
«    iH^.  ISi  Mo.  &.  if  aite  MMh  pnttiied  fajr  thefol 
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Rf.  la  y  pnipMd  ky  Mr  Ni«h9lHM  «i  prafoaUt  Id 
Wig^W.  li4uB^hpomm  ikemhattmU of  the  iuer  |Mui  is 
iHilar  flupporML.  .Miii>  b  mftiiinly  tlig  c«ie  t  kfititfqh- 
>|mti  tl»  fiidk:nA«r  to jo'to  the  hottom  ^f  tiie,  rndbtt, 
-^Md  tlie'lMni  tebeHM^Der  tbtn.llw  mfttr.  SUiki  amf 
Jtmk  tlwt  ^  wiKt  wmktu  llleMioa«i  ^  nMii,  tvhoi  it 
4i»obroMiktiMBi4p»i»ftqriiiliJck;  ia  viiidi  one  tli^ 
-tinok  ttifll  It  Hqai^m.dmp«-  ioetait  than  NiUmImi.  Hat 
glfta  it.  IMrkapt^  Ihr  ndtwtag^  •of  Mfebolan^  cm- 
strtiction  DHQiilieilHd  by  ia  joint  iiiK.r%.  t«i  No;  2^ 
1  Afltit  WlMtev^  feB  tilt'  fohii  nfi  tfaafe'taltittg  jaint8« 
grial'cato  riiaii^'lletaiM  t that  >all  parte  bear  alike,  aaid 
'tbe  ««tiit  nallfiatteMito^tho  megDitiide  of  the  difimnt 
OBiiMNi.  ^It  ibe  gnuM  tMqnreHuoa,*  tiw'  gntfatqr  siiffiMsfs' 
willNba^ltpaotfrprettU^ieaU  t^^  iolaMer  a^itt  therefatfe 
ahaa^oriaib  uVKbab  ftK  hat  aetUiMl^  ^aiwrjr  put'shadld 
^lie^faM^'abse.'  ;  Btoaaie  gnat  lo|^  iHra- movilA' nM 
difkeiij;  itiii  ^eiy  tmabbsome^  trj  the  joint  (i^qneot. 
If  to  Ae^tonr  «Ue  parts  At  i  therefore  wenuiit^acpeet  ie|s 
^necacacgr  sn  4he  aatesior  parts*  TIm  shovM  auike  ui  pre* 
iJer  these  jeinte  adiese  effieaej  depends  ehiefly  on  tbe  vi- 

it  appfiuh  <roui>  al  that  we  IiaTe  said  dn  this  snlysdt, 

that»  perf'seMdl  peat  of  4lie  «ehesiea  ef  die  tie4>eam  4s 

MM9oie«tiiar  wtthstandag  the  faeriaontal  tiirust  of  a  rodf, 

ereo  thoOgh  rerj  loar  pitcbiML    Iff  therefore,  .no*  otber 
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used,  and  blocks  may  be'firmlj  fixed  U  ihe -eodi^  nn 
wfaicb  the  nae».  mtgUtr  abm;. 'aaHhey  do  w'tte  jojcflef 
Mthelmid«ndfMtor«!kiii«;»pMt:  AftHougk^iie^wft 
bas  eauimohif  &oan  or ^teilii^ito  turrj^  aad  ffiMtiniw 
thd  verkshi^iBtaiid  stbrMttimis  af  a  tktaiiai  itod^lhfcsrfilPt 
rcqRHm^a^gtital  Maiitliii%;  yet  (bere  firequaiittyioac^ffiB 
machines  and  engines '.▼erjr^obUi^ue  stfateilnsy  wUdbihava 
no.  ^tikT  oflBciBv  and  are  fCMraUj  made  of  dKmensiona 
quite  inadequate  to  their  situation,  often  containii^  les 
tiolss  the  nacema^  qai&tUy  af  timber.  *  K  i^'thmtfmr 
of  impoctaaee  to*  asoevtain  the  moat  pferfed  mimisr  if 
eaecutiiq^  such  a  joints  Weimvm  «&ectadr  our  atteOlMA 
.totka  principles  that  ate'ifeaHT^confiemad-fathe  effieel. 
In  all  kacardaus  cas^,  ('the  carpenter  calls m  the  assist 
•anee  of  iraii  stnqps ;  and otbej  are  freqnertly  ^neeeisBiyr 
4;¥en  in  robfi^  notwithsfsiBiKng  thb  supendmndlmt  strei^gtk 
of  the  tie-beam.  But  this  k  gcneratlj.omng  tohad  ooia- 
atruction  of  the  wooden:  joint,  arlto  4bd-£dhune  of  Jl'lqr 
time.    Strapa  wiU  be^^bkisidered  in  tiieir  place. 

There  needs  but'  little  .tOt  be:  aaid  offibe'  j6'mH  kt  m 
joggle  worked  oat  of  'tolid  tiarimr-;  ^thej^<aifc  not  near  so 
difficult  as  the  last.  When  the  aim  of  aibg  will  aHow 
the  joggle  to  reo^?e  the  ifkek  braMltk>dr  ike  rinrtting 
brace,  it  ought  tertainly  to:  be  mkde»  with  »  sfuira  'shoul- 
der ;  or,  which  is  stall  bettar»;anarGh  i)f 'a  cMe,  having 
Ike  other  end  of  the  hraee  for  its  centre.  Indfiad  this^in 
4{eoeral  will  not  seasiblx  differ  from  -mi  stnfight  )m^p6t' 
pemiicular  to  the  brsioe.  Bj  jthis  drciillr ii(»m^  thescU 
tling  of  the  roof  makes  no  change  iaibe  aknliaieBt ;  bat 
when  there  i^  not  sufficient  stuff  forthis^  we  tarnXutM 
bevel  joints  at  the  shoulders,  because  these  ahra^s  tend 
to  make  the  brace  slide  off.  The  iMraae  ift  £%.  90.  must 
inot  be  joined  as  at  o,  but  as  i^  ^  or  soom  aquivaleat 
manner.  Observe  the  joints  at  the  head  jof  4he  main  posU 
ff  Prury  Laiie  Theatre,  Fig,  D. 
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aH|.  Wli6ii  tfcfr v^Tf oMigde  tticftof ahe WJtfii^ni  ffiie 
liic^iipeBtr)  diwkrfieiteiid  butccrnqmis  iktipfecefinwiuek 
it vbMis  (as  uif IftUuVI.  Fig;  IL),  there  u  no  diffietilt^ 
ill  Ihe.  joint  Indeedi  a  joining  is  mineoessarfv'^ti^ i^  <* 
-enbiigh  tfaat^UiejueofBafaut  on  eackciother;  sncljwe  iiave 
only  to  tdDB  caxo  ibtl  the  ^  mutbal  fireBittEe:  /be*  eqinUjr 
IvniiB  bjT'all  the«  fbrliv  and  ibat  it  do  not  prodncb  lateral 
presflum,  irbieb  mky^cttaseusmof.  tbctpitceiito' slide  •■ 
the  butting  ^iat;  .*A>efj.^ght  mortise  and  tenon  is 
aaffieient  at  *thie  gogglt  of  a  kiog-poa^.  with  a  rafter  or 
atiwiing  brian.  It-is  beat,  in  general^  to  maket  thebnl^ 
ling  plain,  bisecting  the  ao^e  formed  ^bj  tha:sidte,  or  else 
peqpendicidar  to  aaaofthe  pieces.  In  Fig.  90.  No*  8.  where 
the  straining,  beaaoi  a  h  cannot  sl^  a w'ay  from  the  preasore, 
the  joint  a  ia  prefintUe  to  i,  or  indeed  to  anj  uhetea 
joilil,  vhich  never  fails 'to  produce.  Very  unequal  j>rbiaures 
on  the  different  parts,;  by  which.aoma  acec^ippkdi  othclQi 
are  apUnte^dol^ltG.::  '  :> 

ASO.  When  it  is  -dacetaary  to  trnjAoy  iron  atraps'ibr 
atrtngthening  a  jDiiit,  a  considerable i attention  irnfecf^ 
^ary»  that  we  may  ptace^them  properly.  The  first  thing 
to  be  determined  is  the  'direction  ot  the  strain.  This  is 
learned  by  the  observations  ia  th^  beginning  of  this  aa- 
ti^. .  We  must  Ibea  resolve  this  strain/into  a  strain  pK- 
jcallel  tp  each  piece,  and  another  perpeadkuUu: .  to.  jkU 
Then  the  strap,  which  is  to  be  miide  fast  to  any  of-  the 
.pieces  mttrt  be  tfo  fixed,  that  it  shall  resist  in  the  direction 
parallel  to  the  piece*  Frequently  this  cannot  be  done ; 
but,  we  must  come  at  near  to  it  as  we  cm*  In  suph  cases 
we  must  suppose  that  the  assemblage  yields  a  Uttle  to  tbe 
pressuses  which  ai^t  on  it»  We  must  examine  what 
change  of  shape  a  small  yielding  will  produce.  We  must 
now  see  how  thb  wi|l  aflect  the  iron  strap  which  w^  have 
ahready  supposed  attached  to  the  joint  in  iome  manner 
that  we  thought  suitable.  Thb  settling  will  perhaps  draw 
the  pieces  away  from  it^  leaving  it  loose  fmd  iiuservioeaUe 


<lUf :rmi|iiMi7b#Mteib|i  t^  pi.  to 

flednedie  dbfmU.  «§^b  of  iMttiiif  'tfaobm,  wka^  itboir 
boats:*  aie  at  mme^  IdUtalifee  AbiAVtho  onglea,  effwiiaUf 
imhkh:lkeff  ^ktmmn  fai4dndio.iiiMb.4f  the  i^iq^; 
T.:it  gi^  coittO  H' to  AwBiOTiii  thc  fitBfrAiaahr  U^|0:b»- 
fteiitan  kUskaif  Ifciii  Msvcriif 'toot  kitditfooi   /BM 

irjrtA^4iopra4iidOf  orM  tMb%  w^lklil  ndf  hMn|k  dni^ 
mr  iiiitaBfthe  mpjiiBgtimm*,   Mfe/oan  Inuntijfbe  Mf 
Ijeaenb  Adn^  but  the  reodcrwUl  do '  «e|l  lorrauL  adrift 
it  wUi  is  iho/  tflk;^  JSoop.:    Qe  irili  tllv«  «o  Ife 
4iottife'0f  ilw.  idfi9t>  w  9tiiruii^  411y>  itkicb  «W  kiagiNM 
«amoi.tko  tio^bopkn.    Tbe  «linp  Ckot^M^  oti^ervo  OMit 
^BiJBraBjr  iD  |ia«iia  ii  thai  ^hiih  comiooU  tho  Am^  «f 
4iio«»Clfritfitli  tke  beta^    It  mid^  bUb  ^Ifira  dw  faf: 
jUr;  kut  dbci  not  act  ogaiofl  U '  iiotilMpita]  thimi^    U 
«hooM'  t>t  pjaetd  fiither  bao^  on  Iba  Jboaoii  njftii  g  lioK 
«hiwgb  Hi,  wWeh  iiiBiil  allow  it  tp<  tuts  soIumL    It  aboold 
embrace  the  rafter  almost  boriaontc^  aeaf  Ike  lbot$  and 
-lAoafcl  be  ootcbed  ^«fuai^  wkb  the^baek  of-  the  rafter^ 
4h)dk  a  conkrodtton  ia  reproMited  te  l!ii*  #1;    fi|f  OMMr* 
ing  raimd  tiie  ejro^bolit  |tlbltow»  ifcf  rafter  andcaynot 
•fiiiieb  andorippla  tt,  whiob  italvrays  doiet  ki-its  oidiaary 
-timcm.    We  are  of  oi^nioo.  tbat'fttaptMiiieh  hire  l^^ 
«1lcflt»  in  the  very  aAgles,  atid  aIio#  all  motioa  foond  tbimi^ 
ere  of  all  the  qaost  peitieet  '  A  brAaeb^d  ttmp,  saeb  as 
'may  at  oace  bind  the  king-pott  aod  &it  tiro  brabet  which 
<butt  on  its  foot,  wilt  be  aaopettfrvieeable  if  il  hate^  Joint. 
;Wh0n  a  hiof  warpa»   thotti  branched  Itraps  freqaeBti)r 
^%reak  the  fenons^  bj  affording  a  folttrum  in  one  of  thc^ 
lioltt.   Ad  attentive  and  judickmt  aititt  will  conttder  bow 
^the  beamt  will  act  on  such  ooeasions,  and  wiM  avoid  gtt* 
iRg  rise  to  these  great  atmins  by  levers.    A  skilful  car- 
penter never  employs  manj  straps^  considering  them  as 
auxiliaries  foreign  to  his  art,  and  tabject  to  imperfections 
in  workmanship  which  he  cannot  discern  nor  amend.  We 
most  i^er  tbe  reado^  to  Nichobon^s  CAapcNTan  and  Join- 
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Hou8  forms  of  8tirrup^'flbi««r«d'vo4r/aiii  oAli^  ison^ork 
for  caitying  tie-beams^  be. 

AkfbrHkaie  that  are  tiecesgtiry  for  1%e  iuniiirg  jdu^ 
of  g^t '  wgln^d  constnitted  of  timber/  tfaejr  ma^  vb 
^art  of  tteart  of  tarpexitty. 

531;  Aftieir  hicviHg  attempted  to  give  it  ^8temati<i  tic^ 
of  tb6  priAtipled  bf  fr&ttfhkg  darpetitry,  *we  abali  cdncltatf^ 
V  givlttg  tfomiei  ig»mpte^  trhich  WJU  fiftistrate  and  t6^ 
finn  the  fbrtjgofflg pritfeiplfes.  ^  •  ^  '       -  ^  /I ''I 

d38w  Fig.  1.  Plate  Virt  is  the  roof  of  tti^'^hltifeHf  Oilift 
Bojral  Hcispitalat  Oreeawklb  coastructedby  Mr,?-  W^att. 

AA)  Is  ^he  ^ie-beam,  il7  ffet  long,  tp^mngM'i    ,.  .  o 

feet  clear..«;,.;.v^.....*.;..^««,. ...<;.;. *...;..tl4, ^7  Ijf 
CC,  Qiieea^po^ts.. .....,.....; v.,^^«,M*.*«i.;...S!xl8 

t),  Braoes >...,..>.,..^...*.t*—' ......:., •^.,9x7 

E,  Truss  beam; ^..i. «♦......»..... ^•••••"••••♦*—v-10x7 

F,  Straiiiingpiece....... ;...;.. .-..•^ ; 6>c7 

Gy  PriBcipal  raftersw..i-..;«.4....fr .•^.......^.. »••... .10x7 

H,  A  cambered  beam  for  the; platform^. .....*;•. .w.^, 9.7 

By  An  iron  string,  supportihi;  the  tie-beam ;.w^....8x2 

The  tmsses  are  7  fdei  iqMrt,  and  ihe  wbde  is  cdfiered 
with  kad,  the  boarding  being  supported  bj  IU»riMmtal 
ledgers^  i,  A,  of  6  bfr  4  inches. 

This  is  a  beautifoi  roof,  and  <joittaiii8  l^ss  timber,  tliail 
most  others  of  the  same  dimensions.  The  parts  are  all  dis- 
poned with  great  jodgment.  Perhaps  the  iron  rod  is  lin-^ 
necessary ;  but  it  adds  great  stiffness  to  the  whole.  \^]     ' 

The  iron  straps  at  the  rafter  feet  would  hare  bftd  incnre 
effect  if  not  so  oblique.  Those  at  the  head  of  the  po^tft 
are  very  effective.  

We  may  observe^  however,  that  the  joints  between  the 
straHMBg  beam  and  its  -braces  are  not  of* the  best-ictnd^ 
and  tend  to  bruise  both  the  straining  haita  and  the  truss 
beam  abore  it  *  '  .      «  . 

▼OL.  I.  3  m 


M8  tMumnmr. 

50.  V^.  f.  M  tha  roof  of  St  FmI^  Covot  fSHden, 
ttDfCractod  Iqr  Mr  Wapdnt  in  1706. 

AA,  Tb4iflam»  fpaniiiiig  50  feet  8  indies .:^.A6.19 

%  Queen-post « • 9x8 

C,  Truss  beam 10x8 

IX  King-post  (14  it  the  joggle) 9x8 

!IS»Brace^ 8x7^ 

fF,  Principal  brace  (at  bottom) ,.10x8^ 

BH»  Principal  rafter  (at  bottom) 10x8^ 

^gf  Studs  supporting  the  rafter .8x8 


'  This  roof  far  cfzcels  the  original  one  put  up  by  Inigo 
Jones.  One  of  its  trusses  contains  196  feet  of  timber. 
One  of  the  old  roof  had  873,  but  had  manj  uiactiTe  tim- 
bers^ and  others  ill  disposed  ^.  The  intmial  truss  f  CF  is 
admirably  contrived  for  supporting  the  exterior  rafters, 
without  any  pressure  on  ttie  far  projecting  ends  of  the 
tie-beam.  Tlie  former  roof  had  bc»t  them  greatly,  so  'as 
to  appear  ungriMsefol. 

We  think  that  the  camber  (six  inches)  of  the  tie-Veam 
is  ratiier  hurtful ;  because,  by  settling,  the  beam  length- 
ens ;  and  this  must  be  accooqpanied  by  a  amndtraik  dnk- 
ing  of  the  root    This  will  appear  by  calcnlatipn. 

fiSi.  Fig.  3.  is  the  roof  of  Birmingham  Theatre,  con« 
structed  by  Mr  Greorge  Saunders.  The  spaa  is  80  feet 
clear,  and  the  trusses  are  10  feet  apart^ 

A,  Is  an  oak  corbel....** .«..9x5 

B,  Inner  (date ..„.. ^ , 9x9 . 

C,  Wall  plate.; .,8xii 

D,  Pole  pUU> 7x6 

%  Beam..... ..15x15 

j^,  Straining  beam , 18x9 

*  Tteflgmof  ta|^  Joiiet*^  roof,  given  in  ths  BncydopttdlA  Biten- 
lt«tSrU  Boon  F^  alls  voyonmNoiit.    Bb» 


di  Oak  icilig^pdil  C^  the  ahaft).;..i;.:..;j;;....j.;.^:..;9x9 

li^  Oak  qveen-port  (in  tbe  shaft).;. ^ 7x9 

i,  PHndpal  rafters... .;.;/.. .....;.;. ....;.!..... 9x^ 

K,  Common  ditto.. ;...; nn..; ....;.4x2| 

L|  Principal  braces. ;  •.... ;«;..9  and  6x9 

M,  Common  diitd.;....;. .% ;..:..:;..;;. .....6x9 

N,  Puriins....;.,...;..^ i :....;....Tx5 

Q,  Straining  silLj. ..;.;..;;..;...;•;«;....;....;.....;...... 6^X9  * 

Tbis  roof  ii  n  finfc  specimen  of  British  carpentty^  and 
is  one  of  the  boldest  and  lightest  roofs  in  Ettrope.  The 
straining  siU  Q  givei  a  firm  abutment  to  the  prindpal 
braces,  and  the  space  between  the  posts  is  19^  ftet  wide^ 
affording  roolay  wdrkdbops  for  the  ear|ientc^  and  other 
workmen  connected  with  a  theatre*  The  coatriFance  for 
taking  double  hold  of  the  waD^  which  is  rtery  thin,  is  ez« 
eellent.  There  is  also  ddded  a  beam  (marked  B),  boked 
down  tb  the  ti^beams.  The  intention  of  this. was  to 
prerent  the  total  failure  of  so  bold  a  trussingj  if  anj  of 
the  tie-bduns  should  fail  mi  the  end  by  rot 

53&  Akiii  to  thb  is  Fig.  4.,  the  roof  of  Dmry  Lane 
thea^^  80  feet  3  inches  in  the  clear*  and  thb  trusses  IB 
feet  apart^  efMistni^ted.b7  Hr  Edward  Grej  Saunders. 


A»  Beams;...«. ./;.... j.^..;;.;.;.;. ..;....•.'..;;;. .;.;i..^.iO bj  7 

B,  Rafters ; ;...^. ; ...7*7 

C,^  King^pOSts...;...;..;.;.^...... ii..i.^i...ii ...12x7 

D,  Struts..... .;........ .........;..5x7 

^  PttrlinS.;..J..i;.«.»..^i......j.^.... •...;...••.;.«.;...;. ;«;.^5 

G9  Pole  plates....;........M.iJ .^....; 5x5 

If  Common  rafters..^. ......... ...j .........i..;<.; 5x4 

Kf  Tie-beam  to  the  niain  truss..;  .....f;...;..;;;.......15x'19 

L,  Postato  ditto...j...;....j..;...;.i4.........j...j.^.'..;.15xl9 

M^  Piindfial  braces  to  ditto...*.:...^.  •^•«...;...14  and  12x121 

il^Sthits... ;«. ..Jxia 

fi  Straining  bean^....... ....... ...«...••• ^•..•w.»««lSxlf 


•Tbe  mttn  heunn  are  tnuned  in  the  middle  spkbt 
Mk  trussea  5  inches  squ$j^.  Tkb^wa9  neooistfy  f os  ila 
width  of  32  feet,  occupied  bj  .the  carp^terii  psiatersf 
kc.  The  great  space  between  the  .trusses  affords  good 
store-rooms,  dressing-rooms,  &c»    .  .  < 

It  is  probable  that  this  roof  has  not  its  equal  in  the 
world  for  lightness,  stif&iess,  and  strength.  The  main 
truss  is  so  judiciously  framed,  thai  each  of  them  will  safe* 
Ij  bear  a  load  of  near  300  tons  ;  so  it  is  not  likely  that 
^btj  will  ever  be  quarter  loaded.  The  divisioB  of  the 
whole  into  three  fiarta  makes  the  exterior  roofiiaga  Tcry 
Bgfat  The  strains  are  admirably  kept  ftiom  the  waUs^ 
and  tha  walls  are  even  firmly  bound  together  'by  the  roof^ 
They  also  take  off  the  dfead  weight  from  Che  main  tmss 
one-tfainL 

538.  The  inteUigent  reader  wiQ  perceive  that  all  these 
roofs  are  on  one  principle^  dqiending  on  a  truss  of  tl»ee 
pieces  and  a  stra^lrt  tie-beam^ '  This  is  indeed  tin)  great 
principle  of  a  trttes,  and  is  a  step  beyond  the  roof  witb 
two  rafters  and  a  king-post  It  admits  of  mmA  greater 
variety  of  fbrms,  and  of  greater  extent.  We  may  see 
that  even  the  middle  part  may  be  carried  to  any  space, 
and  yet  be  flat  at  top;  for  the  truss  ^am  may  b^  sop* 
ported  in  the  middle  by  an  inverted  king-post  (of  timber^ 
not  iron),  carried  by  iron  or  wooden  ties,  from  its  extre* 
mittes^  And  the  same  ties  may  carry  the  horiaontal  ties* 
beam  K ;  for  till  E  be  torn  asunder,  or  M^  M»  and  P  he 
crippled,  nothing  can  f aiL 

The  roof  of  St  Martin'^s  church  in  the  Fieldk,  is  con- 
structed on  good  principles,  and  every  piece  properly  dis- 
posed. But  although  its  ^an  does  not  'exceed  40  feet 
from  column  to  column,  it  cnntabs  more  timber  in  a 
truss  'than  there  is  in  one  of  Dniry  Lane  theatre.  The 
roof  of  the  chapel  at  Greenwich,  that  of  St  Paul^  Co- 
gent Garden,  that  of  Birmingham,  and.  that. of  Druiy 
Lane  theatres,  form  a  series  gradually  more  perfect. 
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ikr^  9pecifl(iejis  afford  exoeUeni  kssona  to  tfa^  artMts. 
We.  tWefore  accotto^t  tban  a  useful    present  %q  tbt 

537.,  There  is  a  very  JAgeiiious  project.  olB^ve^  to  tAif 
puli||[ia  1^  l^r  Nicholson  (C0(rpenter*$  4^l^i^^»^9  p«  ^).  H# 
prqpi^^eS'  ironjpods  for  kingrppsts,  queejD-pofts,  and.aH 
o|her 'Sanations  wl^re  beams  perform  ffte  .office  of  ties. 
Ttti*  is^iilEi  prosecution  of  tbf»  notiops  which  ^e  Iviv^  8^^^ 
in jth^^af^cl^  jElo^v.  '  He  rei^ives; tJl^ieetof  the  braosf 
and /ftrii^^  in  a  sodcet  irei^  ni^ell  ooni^ed  with  t^  fae|t 
oSMb  iron  kin^poAl^  aad  ha  secprf^ .  tliiis  feiot  of  hie 
qu^eo-poflita  from  hoi^g  pushed  inwarda»  by  Interposing  a 
atruniogi'aiU.  He  does  not  ai^en  mortise^  the  foot  of  hi^ 
l^'incipfd  rafter*  into:  the  end  f»r  the  tia-beami  but  sets  it 
in.  a  sp^ket'lik^eii  shoe,  p^  Hm  end  of  paii^im  b^,  whic|i , 
ii  bolted .intjo^  the.  ^|ieam  a  g^od  Wray  li^k*  AH  the 
parts  are  formed. and  disposed  jrUh  the  precision  of  a  per« 
ion  thoroughly  acituainled^wJAh  the  suli^ect ;  $itA'^.e  have 
not  the  stpallest  douhti.^  the  success  of  the  prcyect^  and 
the  c4HHfJe(e  security  4^  :di>hibHtty  of  ihlA)  rofj^s,  and  wf 
expect '  to  see  many,  of  tbem.  eiE^uted,  We  abound  iif, 
iron,  but  ip^e  mu^t  send  abje9a4  for  building  timber.  This 
IB  thereio^e  a  valuable  pr§^ect.;  sft  the  same  time^i  howr 
erer,  let  us  not  Qy^^fji^  it^  Talu^«  Iron  is  but  about  jl.B 
times  stro^er  than^red  fir,  aiiid.is  more  than  12tim^ 
heai^r ;  Uf^r  is  it  cheaper^  weight,  for  weight,  or  streiy)t|i 

fof  streogtiv.        ..  .,  .1    .. 

'  O^r  il||ftstratioo|i  and  e^n^ples  have  been  ch|efly  taken 
froni  jTOofs*  becai|se  *they,§re  theimo^t  familiAi:  iostances 
of  the  di^cttlt  pr^bleins,  of  the  art.  We  could  .have  wish- 
ed fpr  n^oreroom  evear^iii  this  svl^jefl^.  The  construe* 
tion  of  dome  roofs  ha^/  b^n  (we-  think)  mistaken^  and 
th^  difficulty  is  much  less  thap  is  ifnagined.  We  mean 
in  respect  of  strength  ;.  for  we  gsfUit  that  the  obliquity  ojf 
the  joiDtS)  and  a  gepi^ral  intricacy,  iMcraases  the  trpu))l9 
^  workmanship  eK^tdio|;ly» 
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•  538.  Wooden  bridges  form  anoiheF  class  eqnaDj-  difit 
€ttlt  and  important;  but  our  liiftits  are  already  overpassed, 
^nd  will  not  admit  tbem.  The  principle  on  whicb  thej 
should  all  be  constructed,  without  exception,  is  that  of 
a  truss,  avoiding  All  lateral  bearings  on  any  pf  the  tim? 
bers.  In  the  application  of  this  principle,  we  must  far? 
ther  remar^p,  that  the  angles  of  our  truss  should  be  as 
acute  as  possible;  therefore  we  should  mak^  it  Of  as  few 
rad  as  long  pieces  as  we  can,  takiiig  eknr  to'fmir^nt  06 
bending  of  the  truss  beams  by  Indies^  Which  eiAhltA 
tbem,  but  without  pressing  them  to  eit)ier  side.  WM 
the  truss  consists  of  many  pieces,  the  anj^les  are  very  dl^ 
tuse ;  and  the  thrusts  increase  neariy  in  the  duplicate  pt^ 
jportion  of  the  number  of  angles.  The  proper  maxims 
will  readily  occur  to  the  artist  who  considers  with  attepr- 
tion  the  specimens' of  centres  or  coombs,  whidiwe  shsll 
give  when  treating  the  subject  of  Cbvtrbs. 

689.  With  respect  to  the  frames  of  carpentry  which 
occur  in  engines  and  great  madiines,  the  varieties  are 
such  that  it  would  require  a  volume  to  treat  of  them  pro^ 
perly.  The  principles  are  already  laid  down ;  and  if  the 
reader  be  really  interested  in  the  study,  he  will  engage  in 
it  with  seriousness,  and  cannot  fail  of  being  instructed* 
We  recommend  to  his  consideration,  as  a  specimen  of 
^hat  may  be  done  in  (his  way,  the  working  beam  of 
Hombiower^s  steam-engine.  When  the  beam  must  act 
by  chains  hung  from '  the  upper  end  of  iirch  heads,  the 
framing  there  given  seems  veij  scientifically  construeted ; 
at  the  same  time,  vre  think  that  a  strap  of  wrought  iron^ 
reaching  the  whole  length  of  the  upper  bar,  would  be 
yastly  preferable  to  those  partial  plates  which  the  engi- 
peer  has  put  there,  for  the  bolts  will  soon  work  loose. 

But  when  arches  are  not  necessary,  the  form  employed 
by  M!r  Watt  is  vastly  preferable,  both  f^inr  simplicity  and 
for  strength.  It  consisto  of  a  simple  beam  AB  (Fig.  5.) 
)i|mnj^  the  gudgeon  C  on  the  upper  side.   The  two  piston 


CAUvmnr. 


m 


V 

fodt  met  attached  to  wrought  iron  joints  A  and  B.  Two 
itrong  stmts  DC,  EC,  rcft  on  the  upper  side  of  the  gud^r 
geon,  and  carrj  an  iron  string  AD£B,  eonsbting  ct  tlireo 
j^ieces,  connected  with  the  struts  hj  proper  ^Joints  of 
wrought  iron.  A  more  minute  description  b  not  needed 
lor  a^dear  conception  .of  the  principle.  No  part  of  thin 
is  eiposed  to  a  cross  strain ;  even  the  beam  AB  might  bo 
aawed  through  at  the  middle.  The  iron  string  is  the  onlj 
fsrt  wli^ich  is  stretched ;  CmtAC,  DC,  EC,  BC,  are  all 
in  n  state  of  comptesaiom  We  .have  made  the  angles 
oqnal,  that  all  maj  be  as  great  as  possible,  and  the  prea» 
sore  on  the  struts  and  strings  a  minimum.  Mr  Watt 
JMkes  them  much  lower^  9b  A  deB,  or  A  )  •  B*  But  thia 
IS  for  econon^,  because  the  strength  is  almost  iosuper* 
able.  It  might  be  made  with  wooden  strings ;  but  thi^ 
workmanship  of  the  joints  would  more  than^ompensate 
the  cheapness  of  the  materials. 

540.  We  offer  this  article  to  the  p«d>lic  with  deference^ 
and  we  hope  for  an  indu^ent  xeccption  of  our  essay  on  a 
aniyect  which  is  in  a  maimer  new,  and  would  requirf; 
much  study.  We  have  bestowed  our  chief  attention  on 
the  strength  of  the  construction,  because  it  is  here  that 
pfSfions  of  the  profession  have  the  most  scanty  informa* 
tian.  We  beg  them  not  to  consider  our  observations  as 
fpo.  refined,  and  that  they  will  study  them  with  care» 
Que  principle  runs  through  the  whole;  and  when  that  is 
clearly  copiceived  and  Csmiliar  to  the  mind,  we  venture  to 
say  that  the  practitioner  will  find  it  of  easy  application, 
and  that  he  will  improf  e  erecy  pecfonnance  t»y  a  conti<i 
pual  refierence  to  it 
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^}.  Thk  word  'Rodr  lexprMMi'tke  eoroing  of  «  lioiisiii 
or  bttildiDg,  •  bf  whick  iU  -inhabHimte  m*  coHteiite  Me  pro* 
iected  (rom  «be  ittjurieir  of  the '  weattlier.  I'lie  Gre^, 
t^ko  have  perhapt  cotcdkri  all  Hatipas  in-teat^,  and  wlio 
have  giTen  the  iDoat  perfect  moM^  arehMeetcwte  drdon« 
nance  withm  a'  certain  Unut,  iierer  erected  a  JiriildDig 
wlrich  did  npttexkilnttilie  fDcf  in  the  distiBctest  mannier  ^ 
|[nd  ih6u^  they  b^rsOved  &Meh  «f  their  model  from  ik^ 
Orientals,  as  will  be^erident  to  any  one  Who  compares  thei^ 
architect^  with  the  ruins  of  Pera6poli9,'  and  of  the  tombs 
Ih  the  monntains  qf  Sheeraa,  the  j  added  thai  form  of  roof 
#fa)^  their  own  diaiato- taught  them  was  necessary  ifor 
8helfei4ng^tbem'frQm  the  rains, '  The  roofs  in  Persia  and 
AmUa  ^are  flai^  but  those  of  Gveeee'iire  without  ese^plUlil 
alb|iing.  II  teetns  therefore  -a  gross  violation  eC  the  true 
pthiciirfes  «f  taste  m' wehiteetiir^  (al  least  in  the  regimis 
oP*StM)p^),  to  takeaway  or  to  Mde  the  roof  df  a  house; 
and  it  must  be  ascribed  to  that  ryge  £sr  nov^y  which  is 
so  powerful  in  the  minds  of  the  rich.  Our  ancestors 
seemed  to  be  of  a  very  different  opinion,  and  turned  their 
attention  to  the  ornamenting  of  their  roofs  as  much  as 
any  other  part  of  a  building.  They  showed  them  in  the 
mpst  conspicuous  manner,  running  them  up  to  a  great 
)iei|[|ht,  liroke  ^epi  into  a  thousand  fandful  shapesi  ^^ 
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gbidi:  them  lull  of  iiighly  dressed  wiodovra..  We  bugli 
at  this,  and  call  it  Gothic  and  clumsy ;  and  our  great  ar^ 
cMtecis^  not  to  oiShod  any  more  in  this  way,  oc»iceal  the 
roof/  altqg^er  b)r  parapet^,  balurtrades,  and  olher  con* 
t«i?a90e4. .  Our.  for^l^ra  cevtai^ly  did  pffind .  agMnst 
the  n^^cuois  of  jlrue  laHe»  wbeA.thay  eikriched  a  part  of  a 
kwm  with  mavkftQ(  ei^gfuit  habitatjovr  which  every  spec* 
tatar  musft  kBow}t<r.,I>e^aeuinhl^s(MaEie  garret:  hut  tlietr 
BjM^f^Bprn  no  le!is*  <#fnd«  who'  tak».  off  the^  cover  pf  the 
hfime{  abtogether, .  .and;  make  H  iivyemble  to  know  iirhe^ 
thai*  it  19  not  «•  mfire  acipeea  (Mr  $QlcMiQa4k.we  are  looking 

MS.  W^  eilii|M>t  h^p  thuikjug  that  Sir  Cbratophar 
Wren.  Qtred  wJNeUr  fa^  so  ind«istH<Nii4iy  oottceaked  the  raof 
of;'St  Pc^l>  ehuji^h  in  Loadon.  '  The  vnhole  of ;  the  upper 
9fd^. IS) aiSDesei. screes.;  Such  arqutmlity  of  wall  woukl 
liav^  bei^n  intoleiaUy  ofiensive,  hadihe  not  given  it  soma 
lippenramce  of  habitation  by  the  .saock  jyindows  or  fiiches^ 
Cvenin  this  strife  4fe  is  gk>omy,  aad  itia  oidd,  sind  is  a 
pailsbto  every*  :spe9tAJtar**-^Th^re  sbonU !  be .  no  piiaala 
in  the  design  of .  a  buiUing  any  larare  than  in-  a  diacoiirsr. 
It  Jbaa  been  saidth'9t'  the  datibla  rptf  of  our  great  ehurches 
which  have  aides  i»  an  incongrsutoy^  looking  like  a  htesa 
atnnding  on  thei^op  of  another  house.  But  there  is  mot 
the  least  occasion  for  such  a. thought.  We  kfiow  that  the 
flOMle-ia  «  sittd»  ft^lAWter.  .  Suppdse  only  ithat  the  lower 
roof -or  shed  is  hiddan.  by  a  baliistra^,  it^then  becomes  a 
p*rtie0f  against  whick  the  connoiauqr  has  no  objection: 
yafethcitois  no  difiiesreiice;  for  the.  portico- must  have  a 
wvety  otiiarwise  it  is*  neither  a  sbed,.c|Diater,  nor  portico^ 
anji  BUffe  ihan  a  building  without «  potd  is  a  house.  A 
hduse  without  a  visible joof  ia  like.a  man  ai^sid  without 
lus  ha4  ]  and  we  may  add,  that  the  whim  of  coDcealuag 
|he  chisnhies,  now  so  fashionable,  changes  a  house  to'  a 
)wm  ar  storehouse. '  A  house  should  not  b^  a  copy  of  any 
IbmS*    It  has  a  titfrto  be  an  original ;  and  a  scrieen4ikfL 
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honmmi  a  pKltr-KlDe  cMlttestiek  are  fcilnlliy miidaai  iia 
taste. 

54&  The  anhitect  fa  annNts  to  pment*  fiae  olgect» 
a&d  a  very  simple  oatline  diseusses  aU  his  eoaeeras  wada 
the  roet  He  leaves  it  to  the  carpenter,  whom  he  Ire* 
^uently  punles  (by  his  arraagemeate)  with  coverings  at- 
mast  impossible  to  exeeate.  Indeed  it  is  seldom  that  tke 
idea  of  a  roof  is  admitted  by  him  into  Us  great  composi* 
tions;.  or  ii  he  doiet iitfrodnee  It,  it  is  ftom  natere  affeete* 
lion,  imd  we  may  say  pedantry.  A  pediment  is  fireqaeni- 
iy  stuck  op  in  the  n^dle  of  a  grand  front,  in  a  sitnatien 
where  a  roof  cannot  perform  its  office ;  for  the  rain  that 
is  sopposed  to  flow  Aiwn  its  sides  nrast'  be  reoeired  on 
the  top  of  the  kvel  buildings  which  «ank  it.  Thisisa 
manifest  incongruity.  *  The  ti^  of  drelsed  whnlows^^ 
trifling  porches,  and  sometioMs  a  projecting  partieD^  ars 
the  onty  situattMir  in  which  we  see  ^le  figure  of  a  roof 
correspond  with  ita  office.  Having  thus  lost  sight  of  the 
principie,  it  is  not  snrprising  that  the  draajghlsraaa  (lor 
he  should  not  be  called  architect)  mns  mto  cveix  whbn : 
and  we  see  pediment  witliin  pediment,  a  round  potiaent» 
a  lu>Uow  pediment,  and  the  greatest  of  aM  absttr£ties»  a 
broken  pediment*  Notinng  codd  ever  reeoadie  us  to  the 
sight  of  a  man  with  a  hat  without  its  crown,  because  we 
cannot  overlook  the  use  of  a  hat  * 

644.  But  wlien  one  builds  a  Imise,  cniaaMttft  alone  w31 
oot  do..  We  must  have  a  cover ;  aad  the  aaomous  ex* 
pence  and  other  great  ineonve«sences  which  attend  the 
concealment  of  this  cover  by  parapets,  balusbades,  and 
screens,  have  oUiged  arehitects  to  consider  the  pent  roof 
as  admissible,  and  to  regulate  its  form.  Any  man  of 
eense,  not  upder  the  influence  of  prejudice  would  lie  da* 
-termined  in  this  by  its  fitness  for  answering  its  porpoaa 
A  high  iHtched  rooi  wiU  undoubtedly  dioot  off  the  raina 
and  snows  better  than  one  ^rf*  a  lower  pitoh.  The  wind 
will  not  so  easily  blow  the  dropping  laiain  betweea  the 
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ibfety  mot  wBUklme  lo  mudi  pbirer  to  atrip ^ind  o8l 
AUgh  pitdied  roof  wiU  exert  «  sinaUer  ihrnt  on  the 
walk,  both  beeauae  its  strain  is  lest  herifimtel,  and  bev 
eaiise  it  will  adasit  of  lighter  eovering.  But  it  is  mora 
expensive,  becanse  there  is  more  of  it.  It  nqaires  • 
greater  rise  of  timbers  to  make  it  eqnallj  strongs  and  it 
exposes  a  greater  snrlSwe  to  the  wind. 

645.  There  have  been  gteat  changes  in  the  pitch  of 
roofii :  our  forelathers  made  them  rerjr  high,  and  we  make 
them  Ferjr  low.  Itdoo  not,  however,  appear,  that  this 
eUmge,  has  been  altogether  the  eflfect  ^  principle.  In 
the  simple  unodemed  habitations  of  privnte  persons,  erery 
thing  comes  to  be  adjusted  bj  an  experience  oi  ineonve^ 
aiences  whidi  hare  vMuIted  from  too  low  pitched  roofs ; 
and  their  pitdi  wiH  alwajs  be  nearij  such  as  suits  the 
dimate 'and  covering,  (har  arehitects,  however,  go  to 
wwkoii.dHGBrent  principles.  Thrir  professed  aim  is  to 
makd  a  beautifal:  object*  The  Purees  of  the  pleasurss 
arising  fineni-wtet  we  cal  taaU  are  iso  various,  so  eompli^ 
cnted,*  and emn^sb  wMmsical,  thiat  it  is  ahnost  in  vain  to 
look  lor  prineiple  in  die  rules  adopted  bj  our  professed 
architects.  ^Weeaisnot  help  thiakfaig  that  much  of  their 
practice  results  from  a  peianiic  veneration  for  the  beauti- 
ful productions  of  Grecian  architecture.  Sufk  architects 
ad  hiave  written  on  the  priflttiples  of  the  alt  in  nespect  of 
prqwrtions,  or  what  tbej  call  the  omnoNKAHcB, .  are  very 
miieb  pQxdM  to  make  a  ehmn  of  reasoning ;  and  the 
most '  that  thejr  liave  made  of  the  Greek  architeeture  is^ 
Aat  it  exhibits  a  nice  adjustment  of  strength  and  strain. 
But  when  we  consider  tiie  extent  of  this  adjustment,  we 
find  that  it  is  wodderftdly  limited.  The  whole  of  it  cod» 
sists  of  a  basemc^nt,  a  column,  and  an  entablature ;  and 
the  entablature,  it  is  true,  exhibits  something  of  a  coo* 
neetion  with  the  framework  and  roof  of  a  wooden  build* 
ing ;  and  we  believe  that  it  realljr  originated  from  diis  in 
thie  hands  of  the  orientalsj  from  wliQm  the  Greeks  ce9# 
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iaiBfy  borrowed  that  feamis  find  tlitir iolbUuiBtioas. .:  W0 
eottld  ettSy^abow  in  the  mins  tf  Pdrmpdn^  .and  ttXMvfg 
the  tomb^tn  the  nbi»itkia&  (which  were  Jsn^  firioi*  to  the 
6rtek  Architecture), '  the  floled)  dolidhii,  thla  'base^  the 
lome  andrCorinthiaa  espital,  and  the  •DDric'irramgemeat 
«)f  lintels,  beama,  and  rafteriy  alt  deriiMi  from  uoquestioft* 
able  principle.  The  only  dUditioK'niflde  Jkf  the  ^ve^ 
Was  ih^peAt  roof;  anil>thK.cbangeii  maddbgr'themhUhe 
sttbordniatefofftpkoftfaiaga^iarestfrfaaslii^sheiiU  e^^eet 
from^thieir  exqiptitejtidfnientof  beauti|'.    v    '  ' 

•  But  the  whole' of 'thiB  ia  teixilhsiited  ;('8iBi  fke  Oueks^ 
after  making  the  roof  a  oUdF  tediu^i  cf  a'hoiiBe,  went  lio 
farther^'  and  contented  rthiyriselrie  with  fgivaag^lta  slope 
raited tafhnrelimata  -This  we  haveffirflowed^.hecauae 
in  the  nrildcr'  partftfaf  ?Biirdpe\we'harre^9ief  cbgent  ireftsoii 
fbr  deviatingiMm  k;:Bfad  if*»iy  architect  shbuU  deviate 
gfeetly  in  la  -buitding  #hbre.  the  lOnt^ne  -  is  eiifaifaited  as 
beaut^tt^  weshotttd  be  disgiui^ed;  h^t)thadlagQA;:thoagfa 
fek  by  ahnoat  iererj  spect^eT,  has  ita  Ori^:  in  J^ietUhg 
bttt.:hafait.  In  the  professed  areluloetferirniaa  of  educe* 
iion^  thf  disgust  arises  from'  pedantry:  for  t  there  is:  aet 
such  ai  close leonnectionbistw^a'tibeiQmi  soid.ttaeaof  e 
roof  «B  shaU  give  piedse  determinationa ;  and  the  inere 
Uam  is  a.  netter  of  indiflei^enceb 

546^  We  Aould  not  therefore  reprobate  die  .hi^h* 
IpHched  *  roofs  of  oar  aeeefclors,  partiei;darly.ioD  .the  contLt 
nent.  •  It  is  there  where  we:iee  thein  in  ail  hhe  «sV«Diit]r 
of  the  fashion,  sind^  the-'tasle  iiiiy  no  meanaa  eitphided  as 
it  is  wiihnsi  A  baronial  castle  in  Qennany  add  Fraao^ 
is  seldom  tebuiit  bi  the  pure  ^l^reck  style,  lor  «»en  like  the 
modem^hoiiaekin  Britauii;.'the  bil^pitsfaed  roofs  lirer^ 
tallied.  We  should  not  call  tiiem  Gothic,,  and  ugly^  b^ 
cause  Gothic,  till*  we  show  ibeir  principle  to  be  ftdse^tr 
tastelesa.  Now  we  apprehend  Aat  it  wiH  be  found  quite 
the  reverse ;  and  that  dibugh  we  cannot  bring  ourselves 
io  ^^  them  beautiluli  we  ought  to  think  them  ja   The 
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MtBtraclfon.of  JtBe  Qvmk  orddtectiice  is  a  tFans^^orendcf  ol 
tfaefinwtites'^iHit  we  adeessarf  in  a  wooden)  building  to.  a 
bufldmg  of  itoni.  To  this  the  Greeks  bare  adhered;  m 
spita  of  ianainerable  dificakies;  ^Thteir  ma^ble-qaarries, 
himmetj  |Nit  it^in  their  pois«r  toi  r^aid  the  proportioiis 
^icb  habit  bad  rendered  agreeable;  Bat  it  is  meat  ttf 
imponibia  tio  ladbere '  to-  these  prqportioos  with  freestone 
at  bride,  wheh  the  «r<||Br  is»4if 'magnifioent  dimendoasj; 
Sir  Cfaristophel'  Wrei»  saw-Hns:  for  his  mechaaicsl  lcaow«> 
ledge  was.'^qual  to  bis  tasle/  He  composed  the  f<aiit  of 
St  FniTs  ebarch  in  London  ef  tn^  orders,  and  lie  coupled 
his  colimMiis ;  atad  stUI  ^  liatela  which  form  the  archie 
ImTe  aie  of  siieh  length'  that  thejr  covid  cany  no-addi* 
tional  weight,  and  be  f^as  ^liged  to  truss  them  behind* 
Had  he  made  but  oae  order,  the  archStrare  conld  not 
baae  carried  H^  ^^^  weight.  It  is  iibpossiUe  to  exeieuta 
a  Doric  entablalane  of  tlia  eiae  in  brick.  It  is  attempted 
in  a  very  noble  fibnt,  4he  Aeademyof  Arts  in  St  Pelars*' 
burgh.  But  the  architect  was  obliged  to  make  the  mu« 
tntes,  and  other  pngeeting  membcni  of  the  comiche,  of 
jpranite,  and  OBanj  of  them  blate<  down  by  their  own 
weight 

647»  Here  is aaralj  an  errorin  prind^e.  Since  stone 
is  the  chief  naieml  of  our  buildings,  ought  not  the  memr 
bers  of  ornamental  arcbitectrnt  to  be  refinements  on  th^ 
essential  and  unaffected  parts  of  a  simple  stone-building  t 
There  is  almoat  as  miich  propriety  in  the  archit^ture  of 
India,  where  a  done  is  made  in  imitation  of  a  lily  or 
other  flower  iUTertad^  as^  in  the  Oreek  imitation  of  a 
wooden  building.  The  prinei|iAeB  of  mascmiy,  and  not  of 
aaipeatiy,  shoaid  be  seen  In' our  architecture,  if  we  would 
haye  it  aecordiag  to  the  Tui^  of  just  taste.  Now  n^  af- 
firm that  tilis  is  thc^  cbaracterlstic  feature  of  what  is  call* 
ed  the  Gothic  «r<diitectUFe.  In  this  no  dependence  is  had 
on  the  tran4v^si6  strength  of  stone.  No  Kntels  are  to  be 
seen }  no  ^ittravagant  projections.  '  Efery  stone  is  pressed 
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to  tti  otigfaiKtani  and  none  it  eipoMd  Uk  a  tKaoiMrait 
stnioi  The  Oreeks  were  enabled  to  ezMite  their  ooka* 
tal  tNiiiduigs  only  hj  vaakg  immcftwe  Uo^  of  the  hardest 
fenateriab.  The  Norman  mason  ^soold  raite  a  biiilding  to 
the  skies  withont  nring  a  stone  whiek  a  Idmirer  eonld 
not  earry  to  the  top  on  his  biick.  Their  irdiitocts  ita^ 
diedth^prindpleslrfeqnilthrinm;  and,  hanring  attoined  a 
wonderful  knowledge  of  U»  th^  indttlged  themselves  in 
eghibitJBg  rmiaAable  initoaeeai  We  call  thisfiike  taste^ 
and  Mj  that  the  a|ipearaiiee  ol  insMuit j  is  the  greatest 
fault  But  this  is  owing  to  oiir  habits:  oiir  thosc^a 
may  be  said  to  nm  in  a  woeden  tndn,  and  certain  simple 
maxims  of  carpentry  are  familiar  to  oar  imaginatioa ; 
and  in  the  tarefol  adherence  to  these  consists  the  beaatj 
and  symmetry  cif  the  Crreek  arehiteetuii^  Had  we  heett 
as  mneh  habitnated  to  tile  eqmlibrium  of  jHressttrct  tfaii 
apparent  inscifCttrity  would  not  hare  met  onr  eye ;  wo 
would  have  peroeired  the  stiengthy  and  we  sbodd  ham 
relished  the  ingenuity. 

546.  The  Gothic  archiieeinre  it  pertiapt  elititlad  to  tibe 
naoie  of  rational  arehiteeture  $  and  its  beanty  is  founded 
<m  the  characteristic  distinction  of  our  species.  It  do« 
serves  cultivation )  not  ike  pitifttli  servfle,  and  nnddlled 
copying  of  the  monuments  i  this  will  produce  ineQiigrui<i 
ties  and  absurdities  equal  to  any  that  have  crept  into  the 
Greek  architecture :  bnt  let  us  esaaune  with  attention  the 
nice  dispoattion  of  the  groins  and  spanndrebi  let  us  stady 
the  tracoy  and  knotsi  not  as  oniameats»  but  as  useful  atem* 
bers ;  let  us  observe  how  they  have  made  their  walk  lik^ 
honey-combs^  and  adodre  their  ingeiittity  as  #e  pretend 
to  admire  the  instinct  infused  by  the  |i^t  architect  Into 
the  be^  All  this  cannot  be  miderstood  without  media* 
nicltl  knowledge )  a  thing  whidi  few  of  our  professional 
architects  have  any  share  of*  Thiiswoidd  architectonic 
taste  be  a  mark  of  skill;  and  the  person  who  presents  the 
design  of  a  building  would  know  how  to  execute  it^ 
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ftttkmit  tamvAtlmg  ll  Mtirdjr  to  the  nMoii  and  car* 
pentor. 

Thew  obterralioQs  Are  not  a  drgreiii<ni  from  ovr  atibfr 
ject  Hke  nmo  priaciplet  of  BMiiual  preisure  and  equi^ 
fibrium  hftTO  a  plaee  in  roo6,  and  manjr  wooden  edifices ; 
and-  if  tkejr  had  heen  as  much  sliced  as  the  Normaar 
nndrSaraaena  saem  to  have  alodicd*sneh  of  theas  as  were 
qipUcable  tot  thdr  pnifoses,  we  might  tiaro  prodaeed 
wooden  hoildmgs  >asdbr  jnparior  ta  what  we  ace^ftuni^ 
liufy  acqnainted  witlv«8  the  bold  and  wonderfol  charfheft 
still  lemaiaing  in  Eitiope^  are  superior^o  the  timid  prw* 
dnctions  of  onr  stone  aichitectare.  The  oentroi  nsed  in 
balding  the  bridge  of  Orbaas^  is  an  instance  of  what 
naqr  be  done  in  tins  way. 

549.  The  Norman  arehitects  frequently  roofed  with 
stone.  Their  wooden  roofe  were  in  general  very  simple, 
and  their  professed  aim  was  to  diapense  with  them  dto* 
gather.  Fond  of  their  owa^  adaoee^^  they  copied  nothiag* 
firom  n  wooden  bnilding,  and  ran  into  a  sim&r  faalt  with 
the  ancient  Gveeks.  The  parts  of  their  bnildings  which 
were  necessarily  of  timber  were  made  to  imitate  stone* 
biuldings;  and  Gothic  ornament  consists  in  cramming 
every  thing  full  of  arches  and  spaundrels.  Nothing  else 
is  to  he  seen  in  their  timber  works,  nay  even  in  their 
sculpture. 

550.  Bnt  there  iqppears  to  have  been  a  ri^alship  in  dd 
times  between  the  masons  and  the  carpenters.  Many  of 
4he  baronial  halls  are  of  prodigious  width,  and  are  roofed 
with  timber :  and  the  carpenters  appeared  to  have  bor- 
rowed mudi  knowledge  frcan  the  masons  of  those  times, 
and  their  wide  rooii  are  fitqueatly  Constructed  with  great 
ingenuity.  Their  aim^  like  the  masons,  was  to  throw  a 
roof  over  a  vety  wide  building  without  employiog  great 
k^  of  timber.^.  We  have  seen  roofs  60  feet  wide,  with* 
o«il  Having  a  piece  of  timber  in  them  above  10  feet  long  and 
4  inches  square*     The  ParliaiAent  House  and  Tron 
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Chwdi  of  Edfinborgh,  the  grest  hall  .of  Tannrirafr. 
near  Elgin,  are  specimens  of  those  roofs.  Thejr  are  verf 
numeroos  on  the  conUnent.  Indeed  Britain  retains  few 
nonumenta  of  private  ra^gnifieence.  Aristocratiie  state 
nerer  was  so  great  with  us ;  and  the  rancour  of  onr  civil 
wars  gave  most  of  the  performances  of  the  carpenter  to 
the  flames.    Westminster  Hall  exhibits  a  specimen  of  ike 

4 

false  taste  of  the  Norman  roofs.  It  contains  the  essential 
parts  indeed,  verj  properly  &posed ;  bnt  they  are  hid- 
den, or  intentionally  i;overed,  with  what  is  coneeived  to 
be  ornamental ;  and  this  is  an  imitation  of  stone  arehea, 
trammed  in  between  slender  pillars  Irhich  bang  dowa 
fipom  the  principal  frames,  trusses,  of  raflers.  In  a  piire 
JNorman  roof,  such  as  Tamawaj  ball^  the  essential  parts 
are  exhibited  as  things  understood^  and  therefore  reliAed. 
^hey  are  refined  and  ornamented ;  and  it  is  hare  that  the 
inferior  kind  of  taste  or  the  want  of  it  may  appear.  Anil 
here  we  do  not  mean  to  defend  aU  the  whims  of  our  an* 
cestorsi;  bnt  we  assert  that  it  is  no  more  necessary  to 
consider  the  members  of  a  root  as  a  thing  to  be  concealed 
like  a  garret,  than  the  members  of  a  ceiling,  which  fomi 
the  most  beautiful  part  of  the  Gteek  architecture. 
Should  it  be  said  that  a  roof  is  only  a  thing  to  keep  off 
the  rain,  it  may  he  answered,  that  a  ceiling  is  only  to 
keep  off  the  dust,  or  the  floor  to  be  trodden  under 
foot,  and  that  tre  should  have  neither  compartments  in 
the  one  nor  inlaid  work  or  carpets  on  the  other.  The 
structure  of  a  roof  may  therefore  be  exhibited  with  pro- 
priety,  and  made  an  ornamental  feature.  This  has  bees 
done  even  in  Italy.  The  church  of  St  Maria  Ma^iore 
in  Rome  and  several  others  are  specimens :  but  it  mnsi 
be  acknowledged,  that  the  forms  of  the  principal  frames 
•f  these  roofs,  which  resemble  those  of  our  modern  build- 
ings, are  very  unfit  for  agreeable  ornament.  As  we  have 
already  observed,  our  imaginations  have  not  been  made 
sufficiently  familiar  with  the  principles,  and  we  are  knUiet 
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•(firmed  than  pkased  with  the  appearance  of  the  immenae 
log!  of  ttmber  whie^  form  the  couples  of  these  roofs,  and 
bang  over  our  heads  with  e^ery  appearance  of  weight  ahd 
danger.  It  is  quite  otherwise  with  tiie  ingenious  roofs  of 
Che  German  and  Norman  architects.  Slander  timbers, 
interlaced  with  great  symmetry,  and  thrown  by  necessity 
into  ^figures  which  are  naturally  pretty,  form  altogether 
an  ofe^t  which  no  carpenter  can  view  without  pleasufte. 
And  why  should  the  gentleman  refuse  himself  the  same 
pleasure  of  beholding  scientific  ingenuity  P 

£61.  The  roof  is  in  fact  the  part  of  the  building  whi<5h 
requires  the  greatest  degree  of  skill,  and  where  science 
will  be  of  more  service  than  in  any  other  part.  The 
architect  seldom  knows  much  of  the  matter,  and  leaves 
Uie  task  to  the  carpenter.  The  carpenter  considers  the 
'framing  of  a  great  roof  as  the  touchstone  of  his  art ;  and 
nothing  indeed  tends  so  much  to  show  bis  judgment  and 
his  fertility  of  resource. 

658.  It  must  therefore  be  very  acceptable  to  the  artist  to 
have  a  clear  view  of  the  principles  by  which  this  diflScuIt 
problem  may  be  solved  in  the  best  manner,  so  that  the 
roof  may  have  all  the  strength  and  security  that  can  be 
wished  for,  without  an  extravagant  expence  of  timfeer 
'  and  iron.  We  have  said  that  mechanical  science  can  give 
great  assistance  in  this  matter.  We  may  add  that  the 
framing  of  carpentry,  whether  for  robfs*,  floors,  or  any 
other  purpose,  affords  one  of  the  most  elegant  and  most 
satisfactory  applications  which  can  be  made  of  mechanical 
^science  to  the  arts  of  common  life.  Unfortunately  the 
practical  artist  is  seldom  possessed  even  of  the  small  por* 
tion  of'  science  which  would  almost  ^insure  his  practice 
from  all  risk  of  failure ;  and  even  our  most  experienced 
carpenters  have  seldom  any  more  knowledge  than  what 
arises  from  their  experience  and  naturail  sagacity.  The 
niost  approved  author  in  our  language  is  Price  in  His 
British  Carpenter,     Matfaurin  Jousse  is  in  like  mann^ 
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the  author  most  in  repute  in  France ;  and  the  pfiblica-^ 
tions  of  both  these  authors  are  void  of  erery  appearance 
of  principle.  It  is  not  uncommon  to  see  the  works  of 
carpenters  of  the  greatest  reputation  tumble  down,  in 
consequence  of  mbtakes  from  which  the  most  elementaiy 
knowledge  would  hare  saved  them. 

553.  We  shall  attempt,  in  this  article,  to  give  an  ac- 
count of  the  leading  principles  of  this  art,  in  a  manner  so 
familiar  and  palpable,  that  any  person  who  knows  the 
common  properties  o^  the  lever,  and  the  composition  of 
motion,  shall  so  far  understand  them  as  to  be  able,  on 
every  occasion,  so  to  dispose  his  materials,  with  respect 
to  the  strains  to  which  they  are  to  be  exposed,  that  he 
shall  always  know  the  effective  strain  on  every  piece,  and 
ahall,  in  most  casies,  be  able  to  make  the  disposition  such 
as  to  derive  the  greatest  possible  advantage  from  the  ma* 
terials  which  he  employs. 

554.  It  is  evident  that  the  whole  must  depend  on  the 
principles  which  regulate  the  strength  of  the  materials, 
relative  to  the  manner  in  which  this  strength  is  exerted^ 
and  the  manner  in  which  the  strain  is  laid  on  the  piece 
of  matter.  With  respect  to  the  first,  this  is  not  the  pro- 
per place  for  considering  it,  and  we  must  refer  the  reader 
to  the  article  Strength  of  Materials.  We  shall  just 
borrow  from  that  article  two  or  three  propositions  suited 
to  our  purpose. 

The  force  with  which  the  materials  of  our  edifices, 
roofs,  floors,  machines,  and  framings  of  every  kind,  resist 
being  broken  or  crushed,  or  pulled  asunder,  is,  immedi- 
ately or  ultimately,  the  cohesion  of  their  particles.  When 
a  weight  hangs  by  a  rope,  it  tends  either  immediately  to 
break  all  the  fibres,  overcoming  the  cohesion  among  the 
particles  of  each,  or  it  tends  to  pull  one  parcel  of  them 
from  among  the  rest,  with,  which  they  are  joined.  This 
union  of  the  fibres  is  brought  about  by  some  kind  of  glu- 
teHi  or  by  twisting,  which  causes  them  to  bind  each  other 
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BD  hstrd  that  any  one  will  break  rather  tbdn  come  out,  sd 
much  is  it  withheld  by  friction.  The  ultimate  resistance 
is  therefore  the  cohesion  of  the  fibre ;  the  force  of 
strength  of  all  fibrous  materials,  such  as  timber^  is  ex*^ 
erted  in  much  the  same  manner.  The  fibres  are  either 
broken  or  pulled  out  from  among  the  rest.  Metals,  stone, 
glass,  and  the  like,  resist  being  pulled  asunder  by  the 
simple  cohesion  of  their  partd. 

The  force  which  is  necessary  for  breaking  a  rope  or 
wire  is  a  proper  measure  of  its  strength.  In  like  man* 
ner,  the  force  necessary  for  tearing  directly  asunder  any 
tod  of  wood  or  metal,  breaking  all  its  fibred,  or  tearing 
them  from  among  each  other,  is  a  proper  measure  of  the 
united  strength  of  all  these  fibres.  And  it  is  the  simplest 
strain  to  which  they  can  be  exposed,  being  just  equal  to 
the  sum  of  the  forces  necessary  for  breaking  or  disengag  | 
ing  each  fibre.  And^  if  the  body  is  not  of  a  fibrous 
structure,  which  is  the  case  with  metals,  stones,  glass,  and 
many  other  Substances,  this  force  is  still  equal  to  the 
simple  sum  of  the  cohesive  forces  of  each  particle  which 
is  separated  by  the  fracture.  Let  us  distinguish  this 
mode  of  exertion  of  the  cohesion  of  the  body  by  the  name 
of  Its  Absoluts  Stkeng^tm. 

When  solid  bodies  are,  on  the  contrary,  exposed  to 
great  compression,  they  can  resist  only  to  a  certain  de- 
gree. A  piece'  of  clay  or  lead  will  be  squeezed  out ;  a 
piece  of  freestone  will  be  crushed  to  powder ;  a  beam  of 
wood  will  be  crippled,  swelling  out  in  the  middle,  and  its 
fibres  lose  their  mutual  cohesion,  after  which  it  is  easily 
crushed  by  the  load.  A  notion  may  be  formed  of  the 
manner  in  which  these  strains  are  resisted  by  conceiving 
a  eyiindrictd  pipe  filled  with  small  shot,  well  shaken  to- 
gether, so  that  each  spherule  is  lying  in  the  closest  man<9 
ner  possible,  that  is,  in  contact  with  six  others  in  the 
same  vertical  plane  (this  being  the  position  in  which  the 
shot  wiQ  take  the  least  room).     Thus  each  touches  tb« 


fi64         •  ON  THE  C(W5raUCTI0N 

rest  in  six  points :  Now  suppose  them  all  united,  in  these 
six  points  only,  by  some  cement.  This  assemblage  will 
stick  together  and  form  a  cylindrical  pillar,  which  may 
be  taken  out  of  its  mould.  Suppose  this  pillar  standing 
upright,  and  loaded  above.  The  supports  arising  from 
the  cement  act  obliquely,  and  the  load  tends  either  to 
force  them  asunder  laterally,  or  to  make  them  slide  on 
each  other :  either  of  these  things  happening,  the  whole 
is  crushed  to  pieces.  The  resistance  of  fibrous  materials 
to  such  a  strain  is  a  littlA  more  intricate,  but  may  be  ex* 
|>iained  in  a  way  very  similar. 

A  piece  of  matter  of  any  kind  may  also  be  destroyed 
by  wrenching  or  twisting  it.  We  can  easily  form  a  no* 
tion  of  its  resistance  to  this  kind  of  strain,  by  considering 
what  would  happen  to  the  cylinder  of  small  shot  if  treated 
in  this  way. 

And  lastly,  a  beam,  or  a  bar  of  metal,  or  a  piece  of 
stone  or  other  matter,  may  be  broken  transversely.  This 
will  happen  to  a  rafter  or  joist  supported  at  the  ends 
when  overloaded,  or  to  a  beam  having  one  end  stuck  faist 
in  a  wall  and  a  load  laid  on  its  projecting  part.  This  is 
the  strain  to  which  materials  are  most  commonly  exposed 
in  roofs ;  and,  unfortunately,  it  is  the  strain  which  they 
are  the  least  able  to  bear ;  or  rather  it  is  the  manner  of 
application  which  causes  an  external  force  to  excite  the 
greatest  possible  immediate  strain  on  the  particles.  It  is 
against  this  that  the  carpenter  must  chie6y  guard,  avoid- 
ing it  when  in  his  power,  and,  in  every  case,  diminishing 
it  as  much  as  possible.  It  is  necessary  to  give  the  reader 
a  clear  notion  of  the  great  weakness  of  materials  in  rela- 
tion to  this  transverse  strain*  But  we  sh^I  do  nothing 
more,  referring  him  to  the  article  Strbngtu  op  Mate- 
rials. 

555.  Let  ACDB  Plate  IX.  Fig.  1.  represent' the  side 
of -a  beam  projecting  horizontally  from  a  wall  in  which  it 
is  firmly  fixed>  and  let  it  be  loaded  with  a  weight  W  ap- 
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pended  to  its  extremity.  This  tends  to  break  it ;  and  the 
least  reflection  will  convince  .any  person  that  if  the  beam 
is  equally  strong  throughout,  it  will  break  in  the  line 
CDy  even  with  the  surface  of  the  wall.  It  will  open  at 
D,  while  C  will  serve  as  a  sort  of  joint,  round  which  it 
will  turn.  The  cross  section  through  the  line  CD  is,  for 
this  reason,  called  the  tection  of  fracture^  and  the  horizon- 
tal line,  drawn  through  C  on  its  under  surface,  is  called 
the  axU  of  fracture.  The  fracture  is  made  by  tearing 
asunder  the  fibres,  such  as  D£  or  FG.  Let  us  suppose  a 
real  joint  at  C,  and  that  the  beam  is  really  sawed  through 
along  CD,  and  that  in  place  of  its  natural  fibres  threads 
are  substituted  all  over  the  section  of  fracture.  The 
weight  how  tends  to  break  these  threads ;  and  it  is  our 
business  to  find  the  force  necessary  for  this  purpose. 

It  is  evident  that  DCA  may  be  considered  as  a  bended 
lever,  of  which  C  is  the  fulcrum.  If/ be  the  force  which 
will  just  balance  the  cohesion  of  a  thread  when  hung  on 
it  so  that  the  smallest  additioh  will  break  it,  we  may  find 
the  weight  which  will  be  sufiicient  for  this  purpose  when 
hung  on  at  A,  by  saying,  AC  :  CD  =/:  ^,  and  ^  will  be 
the  weight  which  will  just  break  the  thread,  by  hanging  ^ 

CD 
by  the  point  A.  This  gives  us  ^  =/x  77T-.     If  the  weight 

be  hung  on  at  a,  the  force  just  sufficient  for  breaking  tlie 

CD 
same  thread  will  be  =y*x  77-*    In  like  manner  the  force  ^, 

which   must  be  hung  on   at  A  in  order  to  break  an 

equally  strong  or  an  equally  resisting  fibre  at  F,  must 

CF 
be  =jr  X  jri*    And  so  on  of  all  the  rest 

If  we  suppose  all  the  fibres  to  exert  equal  resistances 
at  the  instant  of  fracture,  we  know,  from  the  simplest 
elements  of  mechanics,  that  the  resistance  of  all  the  par- 
ticles in  the  line  CD,  each  acting  equally  in  its  own  place, 
is  the  same  as  if  all  the  individual  resistances  were  united 
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in  the  middle  pointy.  Now  this  total  resistance  is  tlie 
resistance  or  strength  y^  of  each  particle,  multiplied  by  the 
number  of  particles.  This  number  maj  be  expressed  by 
(he  line  CD,  because  we  have  no  reason  to  suppose  that 
they  are  at  unequal  distances.  Therefore,  in  comparing 
different  sections  together,  the  number  of  particles  in 
each  are  as  the  sections  themselves.  Therefore  DC  maj 
represent  the  number  of  particles  in  the  line  DC.  Let 
us  call  this  line  the  depth  of  the  beam,  and  express  it  by 
the  symbol  d.  And  since  we  are  at  present  treating  of 
roofs  whose  rafters  and  other  parts  are  commonly  of  uni- 
form breadth,  let  us  call  AH  or  BI  the  breadth  of  the 
beam,  and  express  it  by  i,  and  let  CA  be  called  its 
length,  /.  We  may  now  express  the  strength  of  the 
whole  line  CD  byfx  dj  and  we  may  suppose  it  all  con- 
centrated in  the  middle  point  g.  Its  mechanical  energy, 
therefore,  by  which  it  resists  the  energy  of  the  weight  tr, 
applied  at  the  distance  /,  is/.  CD.  Cgy  while  the  momen- 
tum of  u>  19  to-  CA.  We  must  therefore  have  f.  CD. 
C^.  =  w.  CA,  orfd.  i  d  =  IT.  /,  and  fd:w  =  l:idy  or 
fd:w  =  21 :  d.  That  is,  twice  the  length  of  the  beam 
is  to  its  depth  as  the  absolute  strength  of  one  of  its  ver- 
tical planes  to  its  relaf^ive  strength,  of  its  power  of  resist- 
ing this  transverse  fracture. 

It  is  evident,  that  what  has  been  now  demonstrated  of 
the  resistance  exerted  in  the  line  CD,  is  equally  true  of 
every  line  parallel  to  CD  in  the  thickness  or  breadth  of 
^he  beam.  The  absolute  strength  of  the  whole  section 
of  fracture  is  properly  represented  by  /  d.  6,  and  we  still 
have  21:  d  =^fdb  :  w  ;  or  twice  the  length  of  the  beam 
is  to  its  depth  as  the  absolute  strength  to  the  relative 
strength.  Suppose  the  beam  12  feet  long  and  one  foot 
deep ;  then  whatever  is  its  absolute  strength,  the  24th 
part  of  i\iis  will  break  it  if  hving  at  its  extremity. 

But  eveq  this  is  too  favourable  a  stat«*ment ;  all  the 
fibres  are  supposed  to  meet  alike  in  the  instant  of  frac* 
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tdre.  But  this  is  not  true.  At  the  instant  that  the  fibro 
at  D^  breaks,  it  is  stretched  to  the  utmost,  and  is  exerting 
its  whole  force.  But  at  this  instant  the  fibre  at  g  is  not 
ao  much  stretched,  and  it  is  not  then  exerting  its  utmost 
force.  If  we  suppose  the  extension  of  the  fibres  to  be  as 
their  distance  from  C,  and  the  actual  exertion  of  each  to 
be  as  their  extensions,  it  maj  easilj  be  shown  (see 
Strbnoth  of  Materials),  that  the  whole  resistance  is 
the  same  as  if  the  full  force  of  all  the  fibres  were  united 
at  a  point  r  distant  from  C  by  one-third  of  CD.  In  thitf 
case  we  must  say,  that  the  absolute  strength  is  to  the  re^ 
lative  strength  as  three  times  the  length  to  the  depth ;  so 
that  the  beam  is  weaker  than  hj  the  former  statement  ia 
the  proportion  of  two  to  three. 

Even  this  is  more  strength  than  experiment  justifies ; 
and  we  can  see  an  evident  reason  for  it.  When  the  beam 
is  strained,  not  only  are  the  upper  fibres  stretched,  but 
the  lower  fibres  are  compressed.  This  is  very  distinctly 
seen,  if  we  attempt  to  break  a  piece  of  cork  cut  into  the 
shape  of  a  beam :  this  being  the  case,  C  is  not  the  centre 
of  fracture.  There  is  some  point  c  which  lies  between 
the  fibres  which  are  stretched  and  those  that  are  com- 
pressed. This  fibre  is  neither  stretched  nor  squeezed; 
and  this  point  is  the  real  centre  of  fracture*:  and  the  lever 
by  which  a  fibre  D  resists,  is  not  DC,  but  a  shorter 
one  D  c ;  and  the  energy  of  the  whole  resistances  must 
be  less  than  by  the  second  statement.  Till  we  know  the 
proportion  between  the  dilatability  and  compressibility 
of  the  parts,  and  the  relation  between  the  dilatations  of 
the  fibres  and  the  resistances  which  they  exert  in  this 
state  of  dilatation,  we  cannot  positively  say  where  the 
point  c  is  situated,  nor  what  is  the  sum  of  the  actual  re« 
sistances,  or  the  point  where  their  action  may  be  suppo- 
sed concentrated.  The  firmer  woods,  such  as  oak  and 
chesnut,  may  be  supposed  to  be  but  slightly  compressible ; 
we  know  that  willow  and  other  soft  woods  are  very  CQin? 
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pressible.  These  last  must  tho^fore  be  weaker :  for  it 
h  evident-^  that  the  fibres  which  are  in  a  state  of  compres- 
sioii  do  not  resist  the  fracture*  It  is  well  known,  that  a 
beam  of  wittow  may  be  cut  through  from  C  to  ^  without 
weakening  it  in  the  least,  if  the  cut  be  filled  up  by  » 
wedge  of  hard  wood  stock  in. 

We  can  only  say,  that  very  sound  oak  and  red  fir  haref 
the  centre  of  effort  so  situated,  that  the  absolute  strength 
in  to  the  relatiTe  strength  in  a  proportion  not  less  than 
that  of  three  and  a  half  times  the  length  of  the  beam  t^ 
its  depth.  A  square  inch  of  sound  oak  will  carry  abouf 
8000  pounds.  If  this  bar  be  firmly  fixed  in  a  wall,  and 
project  about  12  inches,  and  be  loaded  at  the  extremity 
with  800  pounds,  it  will  be  broken.  It  will  just  beai* 
190,  its  relative '  strength  being  ^^  of  its  absolute 
strength ;  and  this  is  the  case  only  with  the  finest  pieces, 
to  placed  that  their  annual  plates  or  layers*  are  in  a  ver* 
tical  position.  A  larger  log  is  not  so  strong  transversely, 
because  its  plates  lie  in  various  directions  round  the 
h^art 

556.  These  observations  are  enough  to  gir^  u^  a  dis^ 
tinct  notion  of  the  vast  diminution  of  the  streigth  of  tim<* 
ber  when  the  strain  is  across  it ;  and  we  see  the  justice  of 
the  maxim  which  we  inculcated,  that  the  carpenter,  in 
framing  roofs,  should  ayoid  as  tnuch  as  possible  the  expo^ 
sing  his  timbers  to  transverse  strains.  But  this  cannot  be 
avoided  in  all  cases.  Nay,  the  ultimate  strain,  arising 
from  the  very  nature  of  a  roof,  is  triinsverse.  The  raf« 
ters  must  carry  their  own  weight,  and  this  tends  to  break 
them  across :  an  oak  beam  a  foot  deep  will  not  carry  its 
own  weight  if  it  project  more  than  60  feet.  Besides  this, 
the  rafter^  must  carry  the  lead,  tyling,  or  slates.  We 
must  therefore  consider  this  transverse  strain  a  little  more 
particularly,  so  far  as  to  know  what  strain  will  be  laid 
on  any  part  by  any  unavoidable  load,  laid  (m  either  at 
that  or  at  tsuy  other. 


\ 
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557.  We  have  hitherto  supposed^  that  the  beam  had 
one  of  its  ends  fixed  in  a  wall,  and  that  it  was  loaded  at 
the  other  end.  This  is  not  an  usual  arrangement,  and 
was  taken  merely  as  aflTording  a  simple  application  of  the 
mechanical  principles.  It  is. much  more  usual  to  have 
the  beam  supported  at  the  ends,  and  loaded  in  the  middle. 
Let  the'  beam  FEGH  (Fig.  8.)  rest  on  the  props  E  and 
G,  and  be  loaded  at  its  middle  point  C  with  a  weight  W. 
It  is  required  to  determine  the  strain  at  the  section  CD  ? 
It  is  plain  that  the  beam  will  receive  the  same  support, 
Md  suffer  the  same  strain,  if,  instead  of  the  blocks  E  and 
6,  we  substitute  the  ropes  E^e,  G  Ag*,  going  over  the 
pulleys  yand  g^  and  loaded  with  proper  weights  e  and  g. 
The  weight  e  is  equal  to  the  support  given  by  the  block 
£ ;  and  g  is  equal  to  the  support  given  by  G.  The  sum 
of  e  and  ^is  equal  to  W;  and^  on  whatever  point  W  is 
hung,  the  weights  c  and  ^  are  to  W  in  the  pn»portion  of 
DG  and  DE  to  6E.  Now,  in  this  state  of  things,  it  ap« 
pears  that  the  strain  on  the  section  CD  arises  immediately 
ifrom  the  upward  action  of  the  ropes  F/and  H  A,  or  the 
Upward  pressions  of  the  blocks  E  and  G ;  and  that  the 
office  of  the  weight  W  is  to  oblige  the  beam  to  oppose 
this  strain.  Things  are  in  the  same  state  in  respect  of 
ntrsin  as  if  a  block  were  substituted  at  D  for  the  weight 
W>  and  the  weights  e  and  g  were  hung  on  at  £  and  G; 
cmly  the  dii^ctions'will  be  opposite.  The  beam  tends  to 
break  in  the  section  CD,  because  the  ropes  pull  it  up- 
wards  at  £  and  G,  while  a  weight  W  holds  it  down  at  C. 
It  tends  to  open  at  D,  and  C  becomes  the  centre  of  frac- 
ture. The  strain  therefore  is  the  same  as  if  the  half  ED 
were  fixed  in  the  wall,  and  a  weight  equal  to  g*,  that  is, 
to  the  half  of  W,  were  hung  on  at  G. 

Hence  we  conclude,  that  a  beam  supported  at  both 
tnds,  but  not  fixed  there,  and  loaded  in  the  middle,  will 
earry  four  times  as  much  weight  as  it  can  carry  at  its  ex- 
tremity, when  the  other  extremity  is  fast  in  a  wall. 
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The  strain  occasioned  at  any  point  L  bj  a  weight  W, 

DE 

hung  on  at  any  other  point  D,  is  =  W  x  ^^p  X  LG.     For 

EG  is  to  ED  as  W  is  to  the  pressure  occasioned  at  G-. 
This  would  be  balanced  by  some  weight  g  acting  over 
the  pulley  h  ;  and  this  tends  to  break  the  beam  at  L,  by 


acting  on  the  lever  GL.     The  pressure  at  G  is  W.  rrp, 

DE 

and  therefore  the  strain  at  L  is  W.  =^ .  LG. 

In  like  manner,  the  strain  occasioned  at  the  point  D 

DE 

by  the  weight  W  hung  on  there,  is  W  x  ^^  X  DG;  which 

U  therefore  equal  to  i  W,  when  D  is  the  middle  point 
.    Hence  we  see,  that  the  general  strain  on  the  beam 
arising  from  one  weight,  is  proportionable  to  the  rec- 
tangle of  the  parts  of  the  beam,  (for  — —^^ "  *• 

DE.DG),  and  is  greatest  when  the  load  is  laid  on  the 
middle  of  the  beam. 

We  also  see,  that  the  strain  at  L,  by  a  load  at  D,  i$ 
equal  to  the  strain  at  D  by  the  same  load  at  L.  And 
the  strain  at  L,  from  a  load  at  D,  is  to  the  strain  by  the 
same  load  at  L  as  DE  to  LE.  These  are  all  very  ob- 
vious corollaries ;  and  they  sufficiently  inform  us  concern- 
ing the  strains  which  are  produced  on  any  part  of  the 
timber  by  a  load  laid  on  any  other  part. 

If  we  now  suppose  the  beam  to  be  6zed  at  the  two 
epds,  that  is,  firmly  framed,  or  held  down  by  blocks  at 
I  and  £,  placed  beyond  E  and  G,  or  framed  into  posts, 
it  will  carry  twice  as  much  as  when  its  ends  were  free. 
For  suppose  it  sawn  through  at  CD ;  the  weight  W  hung 
on  there  will  be  just  sufficient  to  break  it  at  £  and  G. 
Now  restore  the  connection  of  the  section  CD,  it  will  re. 
quire  another  weight  W  to  break  it  there  at  the  same 
time. 


DE 
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'  Therefore^  when  a  rafter,  or  any  piece  of  timber,  it 
firmly  connected  with  the  three  fixed  points  G,  E»  I,  it 
will  bear  a  greater  load  between  any  two  of  them  than 
if  its  connection  with  the  remote  point  were  removed ; 
and  if  it  be  fastened  in  four  points,  G,  ^,  I,  K,  it  witl 
be  twice  as  strong  in  the  middle  part  as  without  the  two 
remote  connections. 

One  is  apt  to  expect  from  this  that  the  joist  of  a  floojr 
will  be  much  strengthened  by  being  firmly  built  in  the 
wall.  It  is  a  little  strengthened ;  but  the  hold  which 
.can  thus  be  given  it  is  much  too  ^short  to  be  of  any  sen- 
sible service ;  and  it  tei^ds  greatly  to  shatter  the  wall^ 
because,  when  it  is  bent  down  by  a  load,  it  forces  up  thf^ 
wall  with  the  momentum  of  a  long  lever.  Judicious 
builders  therefore  take  care  not  to  bind  the  joists  tiglit 
in  the  wall.  But  When  the  joists  of  adjoining  rooms  li^ 
jn  the  same  direction,  it  is  a  great  advantage  to  make 
them  pf  one  piece.  They  ar^  the|i  twice  as  strong  as 
ivhen  made  in  two  lengths. 

558.  It  is  easy  to  deduce  frpm  these  premises  the 
strain  on  any  point  which  arises  from  the  weight  of  the 
beam  itself,  or  from  any  load  which  is  uniformly  diffused 
over  the  whole  or  any  part.  We  may  always  consider 
the  whole  of  the  weight  wbicb  is  thus  uniformly  diffused 
over  any  part  as  united  jn  the  middle  point  of  tbat  part; 
and  if  the  load  is  not  uniformly  diffused,  we  may  still 
suppose  it  united  at  its  centre  of  gravity.  Thus,  to 
know  the  strain  at  L  arising  frpm  the  weight  of  the 
whole  beam,  we  may  suppose  the  whole  weight  accumu- 
lated in  its  middle  point  D.  Also  the  strain  at  L,  ari- 
sing from  the  weight  of  the  part  £D,  is  the  same  as  if 
this  weight  ^ere  accumulated  in  the  middle  point  d  of 
ED  ;  and  it  is  the  same  as  if  half  the  weight  of  ED  were 
hung  on  at  D.  for  the  real  strain  at  L  is  the  upwar^ 
pressure  at  G,  acting  by  the  lever  GL.    Now  i^alling  c  ibfi 
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i^eight  of  tie  part  D£:  this  upward  pressure  will  be 
€xdE         i <  X DE 
lEG"'  ^^        EG     • 

Therefore  the  strain  on  the  middle  of  a  beam,  arising 
from  its  own  weight,  or  from  any  aniform  load,  is  the 

EO 

weight  of  the  beam  or  its  load  757^  x  DG ;   that  Is,  half 

the  weight  of  the  beam  or  load  multiplied  or  acting  by 
the  lever  DG;  for  =7^  is  !• 

Also  the  strain  at  L,  arising  from  the  weight  of  the 
t>eam,  or  the  uniform  load,  is  ^  the  weight  of  the  beam 
or  load  acting  bjr  the  lever  LG.  It  is  therefore  propor- 
tional to  LG,  and  is  greatest  of  all  at  D.  Therefore  a 
beam  of  uniform  strength  throughout,  uniformly  loaded, 
will  break  in  the  middle. 

£59.  It  is  of  importance  to  know  the  relation  between 
the  strains  arising  from  the  weights  of  the  beams,  or  from 
any  uniformly  diffused  load,  and  the  relative  strengtL 
We  have  already  seen,  that   the   relative  strength  is 

T — ~,  where  m  is  a  number  to  be  discovered  by  expe- 
riment for  every  different  species  of  materials.  Leaving 
out  every  circumstance  but  what  depends  on  the  dimen- 
sions of  the  beam,  viz.  d,  &,  and  /,  we  see  that  the  relative 

strength  is  in  the  proportion  of  -yt  that  is,    as   the 

breadth  and  the  square  of  the  depth  directlj,  and  the 
tength  inversely. 

Now,  to  consider  first  the  strain  arising  from  the 
weight  of  the  beam  itself,  it  is  evident  that  this  weight 
increases  in  the  same  proportion  with  the  depth,  the 
breadth,  and  the  length  of  the  beam.  Therefore  its 
power  of  resisting  this  strain  must  be  as  its  depth  direct- 
ly, and  the  square  of  its  length  inversely.  To  consider 
this  in  a  more  popular  manner,  it  is  plain  that  the  in- 
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crease  of  breadth  makes  no  change  in  the  power  of  re* 
sisting  the  actual  strain,  because  the  load  and  the  abso* 
lute  strength  increase  in  the  same  proportion  with  the 
breadth.  But  hy  increasing  the  depth,  we  increase  the 
resisting  section  in  the  same  proportion,  and  therefore 
the  number  of  resisting  fibres  and  the  absolute  strength : 
but  we  also  increase  the  weight  in  the  same  proportion. 
This  makes  a  compensation,  and  the  relative  strength  is 
jet  the  same.  But  by  increasing  the  depth,  we  have  not 
only  increased  the  absdute  strength,  but  also  its  mecha* 
iiical  energy  :  For  the  resistance  to  fracture  is  the  same 
as  if  the  full  strength  of  each  fibre  was  exerted  at  the 
point  which  we  called  the  centre  of  effort ;  and  we  show- 
ed, that  the  distance  of  this  from  the  under  side  of  the 
beam  was  a  certain  portion  (a  half,  a  third,  a  fourth,  &c.) 
of  the  whole  depth  of  the  beam.  This  distance  is  th^ 
arm  of  the  lever  by  which  the  cohesion  of  the  wood  may 
be  supposed  to  act  Therefore  this  arm  of  the  lever,  and 
consequently  the  energy  of  the  resistance,  increases  in  the, 
proportion  of  the  depth  of  the  beam,  and  this  remains 
uncompensated  by  any  increase  of  the  strain.  On  the. 
whole,  therefore,  the  power  of  the  beam  to  sustain  its 
own  weighty  increases  In  the  proportion  of  its  depth.  But^ 
on  the  other  hand,  the  power  of  withstanding  a  given 
strain  applied  at  its  extremity,  or  to  any  aliquot  part  of 
its  length,  is  diminished  as  the  length  increases,  or  is  in^ 
versely  as  the  length ;  and  the  strain  arising  from  the 
weight  ot  the  beam  also  increases  as  the  length.  There- 
fore the  power  of  resisting  the  strain  actually  exerted  on 
it  by  the  weight  of  the  beam,  is  inversely  as  the  square  of 
the  length.  On  the  whole,  therefore,  the  power  of  a 
beam  to  carry  its  own  weight,  varies  in  the  proportion 
of  its  depth  directly,  and  the  square  of  its  length  in- 
versely. 

As  this  strain  is  frequently  a  considerable  part  of  the 
wholcj  it  is  proper  to  consider  it  apart,  and  then  to  reckon 
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onlj  on  what  remains  for  the  support  of  anj  extraneous 
load. 

560.  In  the  next  place,  the  power  of  a  beam  to  carry 
any  load  which  is  uniformly  diffused  over  its  length,  must 
be  inversely  as  the  square  of  the  length :  for  the  power 
of  withstanding  any  strain  applied  to  an  aliquot  part  of 
the  length  (which  is  the  case  here,  because  the  load  may 
be  conceived  as  accumulated  at  its  centre  of  gravity,  the 
middle  point  of  the  beam)  is  inversely  as  the  length  ;  and 
the  aUwd  strain  is  as  the  length,-  and  therefore  its  momen- 
tum is  as  the  square  of  the  length.  Therefore  the  power 
of  a  beam  to  carry  a  weight  uniformly  diffused  over  it, 
is  inversely  as  the  square  of  the  length.  N,  B,  It  is: here 
understood,  that  the  uniform  load  is  of  some  determined 
quantity  for  every  foot  of  the  length,  so  that  a  beam  of 
double  length  carries  a  double  ioad^ 

561.  We  have  hitherto  supposed  that  tlie  forded  which 
tend  to  break  a  beam  transversely,-  are  acting  in  a  direct 
tion  perpendicular  to  the  beam.  Thia  is  always  the  case 
in  level  floors  loaded  in  any  manner ;  but  in  roofs,  the 
action  of  the  load  tending  to  break  the  rafters  is  oblique^ 
because  gravity  always  acts  in  vertical  lines.  It  may  also 
frequently  happen^  that  a  beam  is  strained  by  a  force 
acting  obliquely^  This  modification  of  the  strain  is  easily 
discussed^  Suppose  that  the  external  force,  which  is 
measured  by  the  weight  W  in  Fig.  1.  acts  in  the  diree- 
tion  A  w'  instead  of  AW.  Draw  C  a  perpendicular  to 
A  IT.  Then  the  momentum  of  this  external  force  is  not 
to  be  measured  by  W  x  ACj  but  by  W  x  a  C.  The 
strain  therefore  by  which  the  fibres  in  the  section  of  frac- 
ture DC  are  torn  asunder^  is  diminished  in  the  proportion 
of  CA  to  C  ^,  that  is,  in  the  proportion  of  radius  to  the 
sine  of  the  angle  CA  &y  which  the  beam  makes  w^ith  the 
direction  of  the  external  force. 

To  apply  this  to  our  purpose  in  the  most  familiar 
manner,  let  AB  (Fig.  3.)  be  an  oblique  rafter  of  a  build* 
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iDg,  loaded  with  a  weight  W  suspended  to  anj  point  C, 

and  thereby  occasioning  a  strain  in  some  part  D.    We 

have  already  seen,  that  the  immediate  cause  of  the  strain 

on  D  is  the  reaction  of  the  support  which  is  given  to  the 

point  B.     The  rafter  may  at  present  be  considered  as  a 

lever,  supported  at  A,  and  pulled  down  by  the  line  CW« 

This  ocsasions  a  pressure  on  B,  and  the  support  acts  in 

the  opposite  direction  to  the  action  of  the  lever,  that  is, 

in  the  direction  B  b,  perpendicular  to  BA.     This  tends 

to  break  the  beam  in  every  part.    The  pressure  exerted 

W  X  AE  .  •• 

at  B  is  — -r-j^ — ,  AE  being  a  horizontal  line.    There- 

W  X  AE 

fore  the  strain  at  D  will  be  — r-^r —  x  BD.      Had  the 

AB 

beam  been  lying  horizontally,  the  strain  at  D,  from  the 

W.AC 
weight  W  suspended  at  C,  would  have  been  — ^-zr—  X  BD. 

AB 

It  is  therefore  diminished  in  the  proportion  of  AC  to  A^ 

that  is,  in  the  proportion  of  radius  to  the  cosine  of  the 

elevation,  or  in  the  proportion  of  the  secant  of  elevation 

to  the  radius. 

It  is  evident,  that  this  law  of  diminution  of  the  strain 
is  the  same  whether  the  strain  arises  from  a  load  on  any 
part  of  the  rafter,  or  from  the  weight  of  the  rafter  itself^ 
or  from  any  load  uniformly  diffused  over  its  length,  pro- 
vided only  that  these  loads  act  in  vertical  lines. 

562.  We  can  now  compare  the  strength  of  roofs  which 
have  different  elevations.  Supposing  the  width  of  the 
building  to  be  given,  and  that  the  weight  of  a  square  yard 
of  covering  is  also  given.  Then,  because 'the  load  on  the 
rafter  will  increase  in  the  same  proportion  with  its 
length,  the  load  on  the  slant  side  BA  of  the  roof  will  be 
to  the  load  of  a  similar  covering  on  the  half  AF  of  the 
flat  roof,  of  th^  same  width,  as  AB  to  AF.  But  the 
transverse  action  of  any  load  on  AB,  by  which  it  tends 
to  break  it,  is  to  that  of  the  same  load  on  AF  as  AF  tm 
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AB.  The  transverse  strain  therefore  is  the  same  on  both} 
the  increase  of  real  load  on  AB  being  compensated  by 
the  obliquity  of  its  action.  But  the  strengths  of  beams 
to  resist  equal  strains,  applied  to  similar  points^  or  ttoi« 
formly  diffused  over  them,  are  inversely  as  their  lengths, 
because  the  mbmentum  or  energy  of  the  strain  is  propor- 
tional to  the  length.  Therefore  the  power  of  AB  to  with* 
stand  the  strain  to  which  it  is  really  exposed^  is  to  the 
power  of  AF  to  resist  its  strain  as  AF  to  AB.  If,  there- 
fore,  a  rafter  AG  of  a  certain  scantling  is  jast  able  to 
carry  the  roofing  laid  on  it,  a  rafter  AB  of  the  same 
scantling*  but  more  elevated,  will  be  too  weak  in  the  pro* 
portion  of  AG  to  AB.  Therefore  steeper  roofs  require 
stouter  rafters,  in  order  that  they  may  be  equally  able  to 
carry  a  roofing  of  equal  weight  per  square  yard.  To  be 
equally  strong,  (hey  must  be  made  broader,  or  placed 
nearer  to  each  other,  in  the  proportion  of  their  greater 
length,  or  they  must  be  made  deeper  in  the  subduplicate 
proportion  of  their  length.  The  following  easy  coostroe* 
tlon  will  enable  the  artist  not  familiar  with  computatioii 
to  proportion  the  depth  of  the  rafter  to  the  slope  of  the 
roof. 

Let  the  horizontal  line  af  Fig.  4.  be  the  proper  depth 
of  a  beam  whose  length  is  half  the  width  of  the  building ; 
that  is,  such  as  would  make  it  fit  for  carrying  the  intmd- 
ed  tiling  laid  on  a  flat  roof.  Draw  the  vertical  line  fb^ 
and  the  line  a  b  having  the  elevation  of  the  rafter ;  make 
a^  equal  to  ay^  and  describe  the  semicircle  bdg;  draw 
a d  perpendicular  to  ab,  ad  is  the  required  depth.  The 
demonstration  is  evident. 

We  have  now  treated  in  suflScient  detail  what  rehtes  to 
the  chief  strain  on  the  component  parts  of  a  roof,  namely, 
what  tends  to  break  them  transversely;  and  we  have 
enlarged  more  on  the  subject  than  what  the  present  oc- 
casion indispensably  required,  because  the  proposttioBs 
which  we  have  demonstrated  are  equally  app&able  to  all 
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ffainings  of  carpentrj,  and  are  even  of  jg^reater  moment  in 
many  cases,  particularly  in  the  construction  of  machines. 
These  eonsbt  of  levers  in  various  forms,  which  are  strain- 
ed transversely ;  and  similar  strains  frequently  occur  in 
many  of  the  supporting  and  connecting  parts. 

663.  We  proceed,  in  the  next  place,  to  consider  the 
other  strains  to  which  the  parts  of  roofs  are  exposed,  in 
consequence  of  the  support  which  they  mutually  give  each 
other,  and  the  pressures  (or  thrwU  as  they  are  called  in 
the  language  of  the  house  carpenter)  which  they  exert 
on  each  other,  and  on  the  walls  or  piers  of  the  building. 

Let  a  beam  or  piece  of  timber  AB,  Fig.  5.  be  sut* 
pended  by  two  lines  AC,  fiD ;  or  let  it  be  supported  by 
two  props  A£,  Bh\  which  are  perfectly  moveable  round 
their  remote  extremities  £,  F,  or  let  it  rest  on  the  two 
polished  planes  KAH,  LBM.  Moreover,  let  G-  be  the 
eentre  of  gravity  of  the  beam,  and  let  GN  be  a  line  through 
the  centre  of  gravity,  perpendicular  to  the  horizon.  The 
beam  will  not  be  in  equilibrio  unless  the  vertical  line  GN 
either  passes  through  P,  the  point  in  which  the  directions 
of  the  two  lines  AC,  BD,  or  the  directions  of  the  two 
props  £A,  FD,  or  the  perpendiculars  to  the  t?^o  planes 
KAH,  LBM,  intersect  each  other,  or  is  parallel  to  these 
directions.  For  the  supports  given  by  the  lines  or  props 
are  unquestionably  exerted  in  the  direction  of  their 
lengths ;  and  it  is  as  well  known  in  mechanics  that  the 
supports  given  by  planes  are  exerted  in  a  direction  per- 
pendicular to  those  planes  in  the  points  of  contact ;  4nd  wo 
know  that  the  weight  of  the  beam  acts  in  the  same  man- 
ner as  if  it  were  all  accumulated  in  its  centre  of  gravity 
G,  and  that  it  acts  in  the  direction  GN  perpendicular  to 
the  horieon.  Moreover,  when  a  body  is  in  equilibrio 
between  three  forces,'  they  are  acting  in  one  plane,  and 
their  directions  are  either  parallel  or  they  pass  through 
one  point 

The  support  given  to  the  beam  is  therefore  the  same  as 

vol..  I.  So 
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if  k  were  suspended  by  two  lines  which  are  attoehed  to 
the  single  point  P.  We  may  alto  infer,  tiiat  the  points  of 
suqiension  C,  ^D,  the  points  of  support  £,  F,  the  points  of 
contaet  A,  B,  and  the  centre  of  grayUy  G,  are  all  in  one 
vertical  plane* 

-  Wihen  this  position  tof  the  beam  is  dislorbed  bgr  any 
ezteraal  foroe,  ihere  «nu6t  either  be  a  Aiotian  of  the  pohUs 
A  and  B  vouod  theoentres  of  suspension  tC  and  D,  or  of 
thetprops  roand  these  poinls  of  support  £  and  f  ^  or  a 
Sliding  of  the  ends  (p£  rtbe  ^leam  along  the  fiolished  {flaaies 
GH  and  TJC;  and  iin  lOonsequeneeAf  .these  motions  the 
eentreofvgrai^ityd-  will  go  out  of  its  pkoe,  aaditbe  rer- 
ticfliMine  iiVi  will  mo  longer  ^ass  through  the  point  whore 
the  directions  of  the  supposts  intersect  each  ofhtr.  If  ithe 
oentre  of  gravity  xisi^s  bgr  this  .motion,  ^the^body  will  hafe 
a -tendency  to  lecover  its  favmei'  posiiidD,*and  it  will  ve- 
quire  forae  to  keep  it  away  from  it.  &i  thiB  case  the  equi- 
librium may  be  said  to  be  «taUe,  «r  ^e  body  .to  hairo  sia- 
TfUity,  *But  rif  the  centre  of  gravity  descends  when  the 
body  is  mored'from  the  position  of  eqoiUbstun,  it  wtU 
iendioimove  still  fiufther^  and  so  Gar.  will  it  be  from  re- 
covering its  former  position^  that  it  will^nowiatL  Thin 
.equilibrium  may  bewailed  a  toUermg  equSibriwn.  These 
accidents. depend  on  the  situations  of  the  .points  A,  B,  Q 
D,  E,I[F  ;  and  they  may  be  determiiied.by  eonsidering<the 
•subject  geometrically.  It  does  ^not  much  inteisst  us  at 
.piesont ;  it  is  rarely  that  the  equilibrium  of  suspension  is 
'toihmt\g^  or  Uiat  of  props  is  stable.  It  is  evident,  that  if 
the  beam  -wese  suspended  by  lines  from  the  poiat  P^  it 
-would  liave>9lability,  for  it  would  swing  like  a  pendulum 
round  P,  and  llierefor'e  would  always  tend  towards  tbe 
-position  of  equilibmum.  The  intersection  of  the  lines  of 
support  would  still  be  at  P,  and  the  iFcrtical  Hue  drawn 
through  the  centoe  of  gravity,  when  in  any  other  sitasiipa, 
would  be  on  that  side  of  P  towards  which  this  centre  has 
been  moved.  Therefore,  by  the  rules  of  :pendulous  Indies, 
it  tends  to  come  back.    Thb  would  be  more  remask»bly 
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the  case  if  the  points  df  snspension  Cand  D  be  on  the 
«afne  side  of  Abe  point  P  with  tlie  points  of  attachment 
A  and  B  ;  for  in  this  case  tlie^new  point  of  intersection  cff 
-the  lines  cf  suppoit  wowld 'shift  to  the  opposite  side,  and 
4ie  siiH  foftliertfwmi  ^beiTei^icftl  Kne  through  .the  new  po- 
rtion of*lJbe  centre  <9fj!;c&Yrtf.  '.Btit  if  tlie  points  of  sus^- 
))endon  ,a»d  "of  iltt^dhl^ent  aire  on  opposite  sides  of  P,  the 
*ew  poiiit  of  •intersection  niay  *bift  to  tie  same  side  with 
the  xwntre  of  gra?v#l}',  and  'H*  bey ond  Hie  vtertic^l  line ;  in 
*lbi8  case 'the  'eqtfffibrium  ^is  'tottering.  It  is  eniy  to  per- 
«ceive,  too^  rib«it-lf  the  equilibrium  of  suspensitm  from  the 
:pmnts  »(?  'and  O  'be  »trfWe,  tl>e  equilibj^ioih'  (m  the  projM 
A£>afid  BP'lttiiHt  he  46tiei\ng.  It  is  not  necessary  Tor 
•our^prefl6fit'^ui*pode  to  •ei^gage  more  particularly  m  thb 
4K6cu80k)1ni' 

Itis  fMn' thiat,  #Wi  respect  to  the-mere'momentary 
<#quUib#ia4n5  Ahmk  »i«  -no  '•ffifference  in  *tlre  Support  by 
tlbrdadsj^iOr  props,  M*  planefs,  ;^nd  we  maj  siibrstitute  the 
*one  for ^he  dtber.  <We  ^balt  find  Ihis  substityition  extreme- 
Ay  usefikl^  Ibecauto  >we  'easily  eonceive  distinet  notions  of 
-tlie  supptiiif  iof  ii'liDdj'by  ^strin^s. 

•  ObM^I'vetfanber,  (that  if  4be  Mhole  figure  be  inverted, 
miffd  strings  *b^  silbetHmtecl  for  props,  and  props  for  strings, 
the  equilibrium  will  still  obtain  :  for  by  eompaf  ing  Fig.  5. 
wifeb  JSgrf  ft,  w»e  «ee  'Ihfitt  4be  vertical  line  through  the 
«^«ntve  of  ^iihiBf  wWt^B9s  through  the  intersection  of  'the 
itwo  flltfings  or  props  ;  and  tbi^  is  aKthat  isnecessary  for 
ithe  eqsilHiriBin :  only  it^must  be  -observed  in  the  substi« 
•lotion  «f  fi^ops  <for  ^H^ads,  and  of  threads  for  props.^ 
-that  4f  ^t  tbe'  fidne  ^nthout  inverting  the  whdle  figure, 
>a  stable  ieq«iitfb#ium*  ^becoines  a  tottering  one,  and 
•tueverda,  ■    '  • 

ThiS'isa  moit  usefdl  proposition,  especially  to  the  un-» 
leitcrf  d  artisan,  and  enabks  bim  to  make  a  practical  use 
of  prqbtems  wbich  the  greatest  mechanical  geniuses  have 
found  no  easy  task  to  soke.     An  instance  will  sliow  the 
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.  extent  and  utility  of  it    Suppose  it  were  required  to  make 

a  mansard  or  kirb  roof  whose  width  is  AB  (Fig.  7.)f  and 

consisting  of  the  four  ^ual  rafters  AC,  CD,  D£,  £B* 

There  can  be  no  doubt  but  that  its  best  form  is  that 

which  will  put  all  the  parts  in  equilibrio,  so  that  no  Ues 

or  stays  may  be  necessaiy  for  opposing  the  unbalanced 

thrust  of  any  part  of  it    Hake  a  chain  me  deb  (Fig.  8.) 

of  four  equal  pieces,  loosely  connected  by  pin-jointa^ 

round  which  the  parts  are  perfectly  moveable.    Suspend 

this  fjmm  two  pins  Of  i,  fixed  in  a  horizontal  line.     Thia 

diain  or  festoon  will  arrange  itself  in  such  a  form  that  ita 

parts  are  in  equilibrio^    Then  we  know  that  if  the  figure 

be  inserted,  it  will  compose  the  finaase  or  trass  of  a  kirb* 

roof  a  y  1 1 6,  which  is  also  in  equilibrio,  the  thrusts  of  the 

pieces  balancing  each  other  in  the  same  manner  that  the 

mutual  pulb  of  the  hanging  festoon  aedek  dkL    If  the 

proportion  of  the  height  if  to  the  width  ai  is  not  such  aa 

pleases,  let  the  pins  a,  i,  be  placed  nearer  or  more  distant, 

till  a  proportion  between  the  width  and  height  is  obtained 

which  pleases,  and  then  n^ke  the  figure  ACDEB  Fig.  7. 

similar  to  it.    It  is  evident  that  thb  pfoposilioR  will  ap» 

ply  in  the  same  manner  to  the  determination  of  the  form 

of  an  arch  of  a  bridge ;  but  thb  b  not  a  proper  place  far  a 

farther  discussion. 

We  are  now  able  to  compute  aD  the  thrusts  and  other 

pressures  which  are  exerted  by  the  parts  of  a  roof  on 

each  other  and  on  the  walb.    Let  AB  (Fig.  9.)  be  a 

.  beam  standing  any  how  obliquely,  and  G  its  centre  of 

gravity.    Let  us  suppose  that  the  ends  of  it  are  support* 

ed  in  any  directions  AC,  BD,  by  strings,  props^  or  planes. 

Let  these  directions  meet  in  the  point  P  of  the  vertiod 

line  P6  passing  through  its  centre  of  gravity.    Thiou^ 

6  draw  lines  6  a,  6  6  parallel  to  PB,  FA.    Then' 

The  weight  of  the.  beam       \  rPG 

The  pressure  or  thrust  at  A  >- are  jHoportional  to-?  P  a 
The  pressure  at  B  }  ( P  K 


\ 


or  ROOFS, 


£81 


to -J  PA 

to-?   By 

(PB. 


For  wkeD  a  body  ii  in  equilibrio  between  three  forcetp 
these  forces  are  proportional  to  the  sides  of  a  triangle 
which  have  their  directions. 

In  like  manner,  if  A  ^  be  drawn  parallel  to  P  i,  we  shall 

hare 

Weight  of  the  beam  ^ 

Thrust  on  A  >-prpportional 

Thrust  on  B  } 

Or,  drawing  B  y  parallel  to  P  a 

Weight  of  beam  1 

Thrust  at  A        [-are  proportional 

Thrust  at  B       ) 

It  cannot  be  disputed  that,  if  strength  alone  be  consi« 
dered,  the  proper  form  of  a  roof  is  that  which  puts  the 
whole  in  equilibrio,  so  that  it  would  remain  in  that 
shape  although  all  the  joints  were  perfectly  loose  or' 
flexible.  If  it  has  anj  other  shape,  additic^nal  ties  or 
braces  are  necessary  for  preserving  it,  and  the  parts  are 
winecessarilj  strained.  When  this  equilibrium  is  ob- 
tained* the  rafters  which  compose  the  roof  are  alj  acting 
on  each  other  in  the  direction  of  their  lengths  ;  and  by 
this  action,  combined  with  their  wdghts,  they  sustain  no 
strain  but  that  of  compression,  the  strain  of  ell  others 
that  they  are  the  most  able  to  resist  We  may  consider  * 
them  as  so  many  inflexible  lines  having  their  weights 
accumulated  in  their  cratres  of  gravity.  But  it  will  al* 
low  an  easier  investigation  of  the  subject,  if  we  suppose 
the  weights  to  be  at  the  joints,  equal  to  the  real  verti- 
cal pressures  which  are  exerted  on  these  points.  These 
are  very  easily  computed :  for  it  is  plain,  that  the  weight 
of  the  beam  AB  (Fig.  9.)  is  to  the  part  of  this  weight 
that  is  supported  at  B  as  AB  to  AG.  Therefore,  if 
W  represent  the  weight  of  the  beam,  the  vertical  pres* 

AG 

sure  at  B  will  be  W  x  -Tir>  ^^^  ^^  vertical  pressure 

HO 

at  A  will  be  W  X  -j^.    In  like  manner,  the  prop  BF  * 
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l)«iiif  coMidieMd-afrftiiollh^r  beacn^^  nmA/i^  ite  ^eni^e  of 
g^ftvftty^.  and  10  an  k  weight,  a  p«M>  oC  iki»  iraigbi)  eqiiai» 

to  v  X  Tsr»  is  supported  at  B,  and  the  whole  vertical 

pressure  at  B  is  W  x  -^ir  +  »  X  ^f  •      And   llius   we 

greatly  simpfify  tbe  constrn^tion  of  the  mutual  thrusts 
of  roof  frames.  We  need  hardly  observe,  that  although 
these  pressures  by  which  the  parts  of  a  frame  support 
each  other  i|i  opposition  to  the  yjsrtical  action  of  gravity, 
are  always  everted  in  the  directiou  erf  the  |^i^<l,  they 
mtiy  be  FesoJved*  ia)l»  presaU^e?  abtitog  ia  any  oibetr  dif9c- 
tion  which  Aiieiy  engage  6iir  atteiltioih 

All  that  we  propose  to  deliveur  o»  this  subjaetafrpraseili 
may  be  included  ia  the  following  prdpositioa-. 

LeC  ABCDE  (Fig.  10.)  be  Mr  asswuUageof  rafteM 
in  a  vertical  plane,  resting  on  two  Si^edpoftilB  A  and  £  in 
a  horizontal  line,  and  perf^tly  mnveable  round  aU-  tbe 
jaiiHa  A,  B,  C,  D,  £ ;  and  let  it  be  supposed  to  be  ki 
equilibrio,  and  let  Ha  invostigatewfaatadjiistflQeniaf  tbe 
different  ciroumstaBbes  of  weigbC  and  iiidination  of  its 
different  parts  i$  necessary  for  produning  ihia  eci«iU*. 
brium. 

Let  F,  6,  H,  ly  be  tbe  nen$ma  of  gravity  of  the  difi^.* 
rent  rafters,  and  let  these  letters  express  the  weights  oi 
eaeh.    Then  (by  what  ha»  been  said  above)  the  weigbt 

AF 

which  presses  B  directly  downwards  Is  F  x  -r^  +    G  x 

GG  »  BG 

-jryr-     The  weigtit  on  C  is  in  like  manner  G  x  -rrr-  + 
-Bi^'  BG 

H  X  -rrpr  and  that  on  B  is  H  x  —riT  +  I  X 


CD *^  -    CD  ^      ^  JW4' 

Let  AbcdF.  be  the  figure  ABCDE  inverted,  in  the 
inanner  already  described.  It  may  be  conceived  as  a 
thread  fastened  at  A  and  S^  and  loaded  at  &,  c,  and.  J,  with 


I 

1 
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the  weights  which  ve  sealijr  pr^Ming  oa  B^^C^  and'  B4 
It  wMt  arrange  itself  inta  tivch  a  forni  that  all  will  be 
in  equilibrio.     W^  maj  di^corer  this  form  by  means  et 
this  stngle  consideration,  that  any  part  b.  c  of  the  thread 
18  equally  strelchedi  throughout  ioi  the  direction  of.it% 
length.     Let  us  thep^rpre  itivesligate  the  propovtioniber 
twetn  ti|e  Mceight  ^  which  we  sufi^se  tor  be  piiUiiigi  tbe^ 
yoint  b  ia  the  vertical  direction)  &  ^  ti>  the>  weigbtt  K  ^Kdiitli 
i#  pulling,  dowa  the  point  1}  in  a  similar  manifer.    It  i$ 
evident,)  that  since   AE  is  a  horizontal  line,  and  t)ui 
figures  AbciH,  and  ABCDE  equal  and  siaiiJar^ithe. linm 
B  &9  C  c»  D  d,  are  verUcali      Take  bj  to  repcesenfc  th# 
weight  hanging:  at  i.    B^  stretcbing  th^  tfapeads;  b^A  ami 
i  c  it  is  set  in  ^ppositif  a  to  ttie  contractile  powers  of  th# 
threads^  acting  ia  the  directions  h  A  aod  ic,  and*  it  iS'  in 
immediate  equilibria  witb  the  eq^i^aJenft  06  the^  Um 
con^i^actile  Coirces.     Therefore  m^ke  b  g"  e(|ual  to  bf,  ^j^4> 
mak&  it  ttve  diagonal  of  aii  pwdlqfogrm^  h-hig*     It  Mk 
evident  that  h  h^M  tVace  tho  forae^  e;serted.  bji  tlM^  threadf 
hAybc.    Th«D^  seeing  that  tW.  threap*  M  ^   ^^^^J 
stretched  in.  both  directions,  m«ke  q  k  f^qfxsX  Xs^bii.  e^kU 
the  conl^BiactiJe  force  vi[hi^b  ia  excite^i^  c  bytthcweiglit 
which  ia  hanging  there..   Draw  k  I  parallel; to  od,  ai^d  Z« 
parallel  to  be.      The  force  Zc.b  X\^t  equ^valeot  ef  ih^ 
contractile  forces  c&pCtn,  and  is  therefore^  equarl^  and  op- 
posite to  the  force  q(  gra^v^ty  actingvi|t.C.^    Ja  }ik^  man* 
ner,   make  dn=-c^m^  aiid  complete  the*  garatlQlogram 
n  djpro,.  havJAg  the  vertical  line  ed  for  it^dia^n2>l.     Then 
d  It  and  d^  are  the  contractile  foi?cfs  ex^ed:  at  d^  and  the 
weight  hanging  there  must  be^equal  to  o  d. 

Tjberefone,  thq  load  at  b  is  to'  the  load  at  dr  aa  i^^  tfSiL  o. 
But  we  hameseen  that-  thef  cQnpgressiai;  foroes  ait  Q,:C)  D, 
may  be  solisttluted  for  the  extending  fipreef  4t.$„4,  d. 
Therefore  the  weights  at  B,  C,  D,  which  produce  the 
eomj^ressionSj  are  equal  to  the  \Teig^-  at^  i^c,  1^  whiqli 
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prodoce '  the  extenriont.     Therefore 

.      3        „      AF    .  _      CG    „     CH   .  -     EI 

Let  U8  inquire  wliat  rehtion  there  is  between  tlits  pro- 
portion of  the  loads  upon  the  joints  at  B  and  D,  and  the 
angles  ^luch  the  rafters  make  at  these  joints  with  eadi 
other,  and  with  the  horison  or  the  plumb  lines.  Produce 
AB  till  it  cut  the  Tcrtical  C  c  in  Q ;  draw  BR  parallel  to 
CD,  and  BS  parallel  to  DE.  The  similaritj  of  the  figures 
ABCDE  and  AbedE,  and  the  similarity  of  their  post 
tion  with  respect  to  the  horizontal  and  plumb  lines,  show, 
without  any  further  demonstration,  that  the  triangles 
QCB  and  gbi  are  similar,  and  that  QB :  BO  szgiz  t i, 
szhh:  ib.  Therefore  QB  u  to  BC  as  the  contractile 
force  exerted  bj  the  thread  A&  to  that  exerted  by  ft  c;  and 
therefore  QB  is  to  BC  as  the  compression  of  BA  to  the 
compression  on  BC.  Then,  because  ft  t  is  equal  to  cir, 
and  the  triangles  CBR  and  e&/  are  similar,  CB:  BR  =: 
tkiklf^ekicm,  and  CB  is  to  BRastheoompressioDOQ 
CB  to  the  compression  on  CD.  And,  in  like  manner,  be- 
cause cm^dnjWe  have  BR  to  BS  as  the  compression 
on  DC  to  the  compression  on  D£.  Abo  BR :  RS  =s 
w  d :  d  0,  that  is,  as  the  compression  on  DC  to  the  load  oi| 
D.    Finally,  .combining  all  these  ratios 

QC:  CB=jrft:fti,  ^gbzkc 

CB  :  BR=  kc  :  H,  =ike:dn 

BR:BS  sjid:iios:  dfi:ao 

BS  :  RS  =  II  o  :  do  =  M  0  :  d  a,  we  have  finally 

QC  :  RS  =^ft;  od  =  Load  at  B:  Load  at  D, 

Now 


QC  !  BC  =/,  QBC 
BC  :  BR  =/,  BRC 
BR;RS:=/,  BSR 


/,  BQC,  =/,  ABC  ./,  ABft 
/,  BCB,  =/,CDd :/,  ft  BC 
/,  RBS,  =/,  d  DE:  /,  CDE 
Therefore 
QC  :  RS  «/,  ABC./,  CD  d./,  dDE:/,  CDE./,  AB*, 

yi  ft  BC. 


or  Roops.  585 

Or 


QC:RS  =  --^^^^^      .  ^'^^^ 


fyABbJChb'  /,  d  DC./,  d  DE' 

That  18,  the  loads  on  the  diSerent  joints  are  as  the  sine* 
ef  the  angles  at  these  joints  directly,  and  as  the  products  of 
the  sines  of  the  angles  which  the  rafters  make  with  the 
piutnMines  inversely. 

Or,  the  loftds  are  a^  the  sines  of  the  angles  of  the  joints 
directly,  and  as  the  products  of  the  cosines  of  the  eleva* 
tions  of  the  rafters  jointly. 

Or,  the  loads  at  the  joints  are  as  the  sines  of  the  angles 
at  the  joints,  and  as  the  products  of  (he  secants  of  elera* 
lion  of  the  rafters  jointly :  for  the  secants  of  angles  are  in- 
Tersety  as  the  cosines. 

Draw  the  horizontal  line  BT.  It  is  erident,  that  if 
this  be  considered  as  the  radius  of  a  circle,  the  lines  BQ, 
BC,  BR,  BS,  are  the  secants  of  the  angles  which  these  lines 
make  with  the  horizon.  And  they  are  also  as  the  thrusts 
of  those  rafters  to  which  they  are  parallel.  Therefore^ 
the  thrust  which  any  rafter  makes  in  its  own  direction  is 
BS  the  secant  of  its  elevation. 

The  horizontal  thrust  u  the  same  at  all  the  angles; 
For  t  A  s:  Ar  Jif  :=  m  ^,  =  n  »f  =  p  ir.  Therefore  both  wails 
•re  equally  pressed  out  by  the  weight  of  the  roof.  We 
can  find  its  quantity  by  comparmg  it  with  the  load  on 
one  of  the  joints: 
Thus,  QC  :  CB  =/,  ABC  : /,  AB  i      , 

BC  :  BT  =     Rad.  :/,  BCT,  =  Bad. :/,  CB  * 
Therefore, QC :  BT  =  Rad.  x/,  ABC :/,  *  BA  x/,4BC, 

564.  It  deserves  remark,  that  the  lengths  of  the  beams  da 
not  affect  either  the  proportion  of  the  load  at  the  different 
joints,  nor  the  position  of  the  rafters.  This  depends' 
merely  on  the  weights  at  the  angles.  If  a  change  of  length 
affects  the  weight,  this  indeed  affects  the  form  also :  and 
this  is  generally  the  case.  For  it  seldom  happens,  in- 
deed it  never  should  happen^  that  the  weight  on  rafters  of 


N 


.    I 
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longer  bearing  are  not  greater.  The  covering  alone  in- 
creases nearly  in  the  proportion  of  the  length  of  the 
rafter. 

If  ikt  proportion  of  the  weights  at  B^  C,  and  D»,  ore 
given»,as  also  the  position  of  any  two  of  the  lines,  thepo^* 
sitioa  of  all  t^e  rest  is  determined. 

If  the  horizontal  distances  between  the  an^e»  am. 
all  equals  the  forces  on  the  diffeneat  angles  suie  pio- 
{vurtional  to  the  yerticais  drawn  en  the  linea  throvglb 
these  angles  from  the  adjoining  angle,  and  the  thrusi» 
from  the  adjoining  angles  ai^  as  the  linea  which  oonnect 
them. 

If  the  rafters  themselves  are  of  equal  leng^to,  the> 
weights  at  the  different  angles  are  as  Aese  veiti-* 
cals  and  aa  the  secants  of  the  elevatiiNi  of  the  safters 
jointly. 

565.  This  proposition  is  very  fruitful  in  its  piactioat 
consequences.  It  is  easy  to  perceive  that  it  oontaina  tdhe 
whok  theory  of  the  coostruetioO'  ol  ajrches;  for  eacb 
stone  of  an  arch  may  be  considered  as  one  of  the  raftera 
of  this  piece  of  carpentry,  since  all  is  keyt  up.  by 
its  mere  equilibrium.  We  may  have  an  opperluiRiy 
of  afterwards  exhibiting  some  very  elegant  and  moft^ 
solutions  of  the  mast  difficult  cases  of  this  impoptant 
problem';  and  we  now  proceed  lo  make  use  of  tba 
knowledge  we  have  acquired  for  the  oonstruetion  o£ 
roofs. 

566.  We  mentioned  by  the  by  a  proUem-  which  is  not 
nnfceqaent  in  practice,  to  determine  the  best  Cocm  of  a 
kirb-roof.  Mr  Couplet,  of  the  Boyal  Academy  of  Paris, 
has  given  a  solution  of  it  in  an  elaborate  memoir  in  1726| 
occupying  several  lemmas  and  theorems. 

Let  A£  (Fig.  U.)  be  the  width,  and  CF  the  height; 
it  is  required  to  construct  a  roof  ABCD£  whose  raf- 
ters AB,  BC,  CD,  D£,  are  all  tqfial,  and  which  shall  bo 
in  equilibrio. 


Dipam  CEy  aad-  kiatot  it  porpemlictihiiilji.favib  kjrthiir 
line  fiHGv  cliltiDj^  titt  horiaontalr  line  AB  ia  (Eb  ikboUt 
Um  oeatm.  G»  i^th  .the  dislttfice  G£,.  detcaribe.  tBe  drota 
£D&  U  nii«  paM  tb#oiigii<  Cy  hi^adM^  Cif  is  e^dt*  l» 
HE  and  the  ^^les  at  H  are  equal.  Draw  HKplift*aHdBt4 
F£,  cutting  tH^  circumference  in  It.  Draw  CK,  cutting 
QUim  £>.  tl^ki  CD^  £D>;  tb^se  lineaialra  thd Tdaf0iio& 
half  of  tHe  nool  requiredi 

We  pifotie  .tMs^bf  sbdtvving*  tfia^  the  load^in^  A^  a^gk^ 
C  and  D  are  equal.  For  thi»  i$  ihto  p9«poptmbi  whkk 
reoulft^  from  the  ciqiialitjjr  o£tbe  vaftera,  and  Uii^eiilfenl*of 
stirfoca  of  ikit  uiMfevm  roiafi^  wJiioh  they  are'  sitppetfad  to 
sii|i)|ojM.  .  Tbtraf^ve  proAice  ED  till'  it  meat?  the'  nmtiaaii 
FC  itt  N ;  and  having  mad^  tbe  aidis  GBA  aimilatf  td^ 
GDEtOOffipkta  the  pavallelogMn  BCDP^  ^iiAdvaw  DS^ 
wtaick  Witt  bdifiafc  Cf  in  By  aai  the  horitental  UnrKH,, 
bfiBCtta  CF  in  Qr  D^w  KF,  utkiob  is  etideutlf  paaalM) 
t»DP.  Maka  CS  pefpeadkniUMr  to  €F»  and  efuid  toi 
FG ;  and  about  S,  with  the  radius  SF,  describe  the  orndb* 
9EW.  I^  i«ut4  ^aatf  tbrough  K,  beeanse  SF  iW  ^qjiaL  to 
CG«  and  GQ  »  QF.  Di^W  WK,  WS,  and  produae  BC, 
cutting  ND^  i»  O. 

The  angM  WKF  at  the  dremnfereiiee!  ia  one  ktili  of 
tlre-anglc  WSF  at  the  oentr^,  and  i»  thisreiiiiDe  aq»ai  to. 
WSC,  or  €GF.     li  iktberefora  double  of  tiie  ai^e  GUX 
or  EC&    Btii  £C&ia  equal  to  ECD  ami  DGS^  atod  ECDf 
ia  one' half  •£  MDC,  and  DC&  is  one  bal£  e£  DCO^  or 
CDP.     Tfcsrafow  the  angle  WKF  ia  equal'  to  NDf,  and 
WK  ia  pardkl  to>  NDy  and  CF  isi  to  CW  aa  GP  to  CN;; 
amk  CN  ia.  aqmi.  lo^  CP.     Btit  it  haa  been  sliowii  above,, 
tbat  GNi  and?  CF  asr  a^  Ike  Ioed»  upon  D  mi  G.    These : 
aae  tbfivafore  equal,  and  the  frame  ABCDE.  i»  ia  aqiii-: 
librio* 

Jk  coippainaa»  of  thia.ariutioa  with  that  of' Mr  Couplet 
wHl  shew  ite  great  advantage  ii>  nespeet  of  stnftpli^i^rf  and 
perspidsitx-    And  thd  ifileiligaitl  mdar  eaai  eddljr  adafii 
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the  cowtructioD  .to  anj  proportion  betweeB  the  nftm 

AB  end  fiC,  which  other  circumstaiices,  such  as  garrsi- 

1001D9  &c.  maj  render  convenient     The  constmctum 

must  be  such  that   NC    maj   be  to  CP   as   CD   to 

CD  4»  D£ 

'.      Whatever  proportion  of  AB  to  BC  u 

assumed*  the  point  D'  will  be  found  in  the  drcmnferenee 
of  a  semicircle  H'  D'  A%  whose  centre  is  in  the  line  CE, 
and  harbg  AB  :  BC  =  CH' :  HE',  ^eh'iVE.  The 
ftst  of  the  construction  is  simple. 

In  buildings  which  are  roofed  with  datet  tiie,  or 
shingles,  the  circumstance  which  is  most  likely  to  limit 
the  construction  is  the  slope  of  the  upper  rafters  CB,  CD. 
This  must  be  sufficient  to. prevent  the  penetration  of  r^in, 
and  the  stripping  by  the  winds.  The  only  eirenmstanoe 
left  in  our  choice  in  this  case  is  the  proportion  of  the 
rafters  AB  and  BC.  Nothing  is  easier  than  making  NC 
to  CP  in  any  desired  proportion  when  the  angle  BCD  ia 
given. 

667.  We  need  not  repeat  that  it  is  always  a  desirable 
thing  to  form  a  truss  for  a  roof  in  such  a  manner  that  it 
shall  be  in  equilibrio.  When  this  is  done,  the  whole  force 
of  the  struts  and  braces  which  are  added  to  it  is  employed 
in  preserving  this  form,  and  no  part  is.  expended  in  unne^ 
cessary  strains.  For  we  must  now  observe,  that  the  equi* 
-librium  of  which  we  have  been  treating  is  always  of  that 
.  kind  which  we  call  the  tottering,  and  the  roof  requires 
stays,  braces,  or  hanging  timbers,  to  give  it  stiffness,  or 
keep  it  in  shape.  We  have  also  said  enough  to  enable 
any  reader,  acquainted  with  the  most  elementary  geome^ 
try  and  mechanics,  to  compute  the  transverse  strains  and 
the  thrusts  to  wluch  the  component  parts  of  all  rood  aie 
exposed. 

568.  It  only  remains  now  to  show  the  general  !»*'»fanff 
by  which  all  roofs  must  be  constructed,  and  the  drcum* 
stances  which  determine  their  ezcdlttce.    In  doing 
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IT*  shftll  be  exceedingly  brief,  and  almost  eonteot  our* 
selves  with  exhibiting  the  principal  forms,  of  which  the 
endless  Tariety  of  roofs  are  only  slight  modifications. 
We  diall  not  trouble  the  reader  with  any  account  of  such 
roofs  as  receive  part  of  their  support  from  the  interior 
walls,  bat  confine  ourselves  to  the  more  difficult  problem 
of  throwing  a  roof  over  a  wide  building,  without  any-  in* 
termediate  support;  because  when  such  roofs  are  con* 
structed  in  the  best  manner,  that  is,  deriving  the  greatest 
possible  strength  from  the  mato'ials  employed,  the  best 
construction  of  the  others  is  necessarily  included.  For  aH 
such  roofs  as  rest  on  the  middle  walls  are  roofs  of  smaller 
bearing.  The  only  exception  deserving  notice  is  the 
roofs  of  churdies,  which  have  aisles  separated  from  the 
nave  by  columns.  The  roof  must  rise  on  these.  But  if 
it  is  of  an  arched  form  intemidly,  the  horizontal  thrusts 
must  be  nicely  balanced,  that  they  may  not  push  the 
columns  aside. 

£69. .  The  simplest  notion  of  a  roof*frame  is,  that  it  con- 
.  nsts  of  two  rafters  AB  and  BC  (Fig.  12.), meeting  in  the 
ridge  B. 

Even  thb  simple  form  is  susceptible  of  better  and  worse. 
We  have  already  seen,  that  when  the  weight  of  a  square 
yard  of  covering  vis  given,  a  steeper  roof  requires  stronger 
rafters,  and  that  when  the  scantling  of  the  timbers  is  also 
given,  the  relative  strength  of  a  rafter  is  inversely  as  its 
length.  But  there  is  now  another  circumstance  to  be 
taken  into  the  account,  via.  the  support  which  one  rafter 
leg  gives  to  the  other.  The  best  form  of  a  rafter  wilt 
Uierefore  be  that  in  which  the  relative  strength  of  the 
legs,  and  their  mutual  support,  give  the  greatest  product. 
.  Mr  Mttller,  in  his  MilUmy  Engineer^  gives  a  determina- 
ti<Mi  of  the  best  pitch  of  a  roof,  which  hat  considerable 
ingenuity,  and  has  been  copied  into  many  books  of  mili* 
tary  education  both  in  this  island  and  on  the  Continent 
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.X)esGiiayeM4he  >w«lib  A€,  Fig.  18.  tfae  flemiGirde  ACF, 
•nd  Inseot  it  by  ttlte  tadiois  FD.  produce  the  safter  AB 
Jo  ibe  oircamfepeace  in  £,  j&ixk  iEC,  «niil  draw  the 
fcvpendicolar   £&.     Moir  AB  :  AS  3=^  AC  :  A£,  «nd 

AE  = T-«- — 5  *^i*d  AE  is  iQTersely  as  A^  i^nd.inay 

i^raiiBre{repre0ent  iis  stteogA  .in  relalion  totfae  wei^ft 
mekKLtMy  Ijing  oci  it.  Also  tbestipport'irtiich  CS  gtresto 
JA  48  asiCE,  !bec&i»e  C£  is  perpendicular  to  AB.  There- 
iRve  fehe  ConB  iwiiioh  sendees  A£  x  cBC  a  maxiimim  seems 
to  :be   tbat   which    has    the   greatett    strength.      But 
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AC  :  AE  =  EC  :  EG,  and  EG  =  —^'^ — ,,and  istliere- 

(fore  pcopoHional  ^o  AOE.EC.  V^wTJS  is  a  ina&iin«rm 
lirhen  B.iB  in  F,  and  a  square  "pitch  is  iti  this  respect  the 
aftvongeit  •  But  it  'is  very  doubtful  whc^er  4lfais  con- 
tftttudios  16  deduced  'from  just  priiK^iples.  There  is  an- 
other strain  to  which  the  leg  AB  is  exposed^  whidh^is  isM 
4aken  iotb  Ihe  •aecount.  This  arises  from  the  curvature 
aH^hich  tt.xiiMtvQidKbly.acfiutres  ^by  the  transv^erse  pressoii^ 
of  its  load^  In  this  state  it  is  pressed  in  its  own  dtreelion 
.bydfaeiabutnient  and  Jead  of' the  oCher  leg.  The  relation 
•betweea  tkisatFain  and  <the  resistance  of  the  piece  4s  not 
-rery 'distindly  Icnown.  iEtiler  Las  given  a  dissertation  oh 
tliis  subject  (WhicAi  is  of  great 'importance,  because  H  af- 
pfecta  posts  and  jMlbrs  df  'tfll  ^kinds ;  and  it  is  very  well 
<knavn  that  a  post  ctf  ten  4eet  long  and  six  indites  square 
Hivill  bear )witfa 'great  safety  a  weight,  whitfh  wouldcrusha 
(post  of  ttheieame  scantling  and  $0  feet  >long  4n  a  ^minute) ; 
<bilt  his  determination  -has  not-beefiaequiescedin  by  the 
.fifstimathearaticians.  *NoiW  it  is  in  relation  to  these  two 
.alrains  thatstheatreogthof -tht  rafter  should  (be  adjusted. 
The  firmness. of  Ihesupport  givon>by«Ctie  other  leg  is  sCdo 
.eon6equeiioe,.if.it8'Own  strength  is  inferior  to  the  strain. 
Xhe  fofice  which  tends  to  <^u^h  ^he  4eg  AB,  by  compress- 
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ing  it  in  its  eaired  slate,  is  to  its  weight  as  A^  to  BD» 
as  is  ^easily  seen  by  the  composition  of  forces ;  and  its  in^ 
<curvation  by  this^oroe  has  a  relation  to  it,  which  isof  in- 
*liieate  determhiation.  It  is  contained  in  the  properties 
demonstrated  by  Bernoulli  of  the  elastic  curve.  This  de- 
^rmination  aho  indndes  the  relation  between  the  curva- 
ture'and  the  length' of -the  piece.  But  the  whole  of  this 
Metningfy  simfde^prdeilem  is  of  mudh  more  difficult  inves- 
•tigation  than  Mr  IkfuUer  was  aware  «f ;  and  his  rules  for 
%he  pitdh  of  arodf,  and  for  the  sally  of  a  deck  gate,  wiiich 
depends  on  tlie  came  principles,  -are  of  no  value.  He  is, 
(however,  the  first  author  who  attempted  to  solve  either  of 
these  problems  on  medianical  principles  susceptible  of 
^precise 'reasoning,.  BeUder^s  solutions^  in  his  ArekUeoluM 
Hydr4tiMqitij  «re)beijaw  notice. 

Reasons  of  economy  have  inade  carpenters  prefer  a  low 
pitch ;  and  although  this  does  diminish  the  support  given 
fby  the 'Opposite  leg  faster  than  it  increases  (the  relaliiRe 
•strength  ^f>tfae 'Other,  this  is  not  of  material  consequence, 
because  the  strength  remaining  in  the  oppomte  leg  is 
etill  tvery  great;  for  the  supporting  leg  is  noting 
Bgainsttcompression,  in  which  case  it  is  vastly  stronger 
.than  the  eiyiported  leg  acting  against  a  transverse 
'fitraiQ. 

&70*  <But  a>F0of  of  this  simplicity  will  not  do  in  most 
^cases.     There  is  no  notice  taken  in  its  construction  of  the 
thrust  which  it  exerts  ^on  the  wails.  Now  this  is  tlie  strain 
'whiok  is  the  most  hazardous  of  all.    Our  ordinary  walls, 
instead  of  .being  able  to  resist  aay  considerable  strain 
pressing  them  outwards,  require,  in  general,  some  ties  to 
Jceepihem  onifoot.    When  a  person  thinks  of  the  thin- 
ness and  height  of  the  walls  of  even  a  strong  house,  he 
will  besuipriaed  that  -they  ace  not  blown  down  by  any 
/strong  Mast  of  wind.    A  wall  of  three  feet  thick,  and  iiO 
feet  high>vcould  not  withstand  a  wind  blowing  at  the  rate 
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of  90  feet  per  second  (in  which  case  it  ftcts  with  a  force 
considerablj  exceeding  two  pounds  on  every  square 
foot)y.  if  it  were  not  stifTened  by  cross  walls,  joists,  and 
roof,  which  all  help  to  tie  the  different  parts  of  the  build* 
ing  together. 

571.  A  carpenter  is  therefore  exceedingly  careful  to 
atoid  every  horizontal  thrust,  or  to  oppose  them  by  other 
forces.  And  this  introduces  another,  essential  part  into 
the  construction  of  a  Voof,  namely  the  tie  or  beam  AC, 
(Fig.  14.),  laid  from  wall  to  wait,  binding  the  feet  A  and 
C  of  the  rafters  together.  This  is  the  sole  office  of  the 
beam ;  and  it  should  be  considered  in  no  other  light  than 
as  a  string  to  prevent  the  roof  from  pushing  out  the  walls. 
It  is  indeed  used  for  carrying  the  ceiling  of  the  apartmeati 
under  it :  and  it  is  even  made  to  support  a  flooring.  Bat, 
considered  as  making  part  of  a  roof,  it  is  merely  a  string; 
and  the  strain  which  it  withstands  tends  to  tear  its  parts 
asunder.  It  therefore  acts  with  its  whole  absolute  force, 
and  a  very  small  scantling  would  suflSce  if  we  could  con- 
trive to  fasten  it  firmly  enough  to  the  foot  of  the  safler. 
If  it  is  of  oak,  we  may  safely  subject  it  to  a  strain  of  three 
tons  for  every  square  inch  of  its  section.  And  fir  will 
safely  bear  a  strain  of  two  tons  for  every  square  inch. 
But  we  are  obliged  to  give  the  tie-beam  much  largv  di> 
mensions,  that  we  may  be  able  to  connect  it  with  the  foot 
of  the  rafter  by  a  mortise  and  tenon.  Iron  straps  are  also 
frequently  added.  By  attending  to  this  office  of  the  tie- 
beam,  the  judicious  carpenter  is  directed  to  the  proper 
form  of  the  mortise  and  tenon  and  of  the  strap.  We  shall 
consider  both  of  these  in  a  proper  place,  after  we  become 
acquainted  with  the  various  strains  at  the  joints  of  a 
roof. 

These  large  dimensions  of  the  tie-beam  allow  us  to 
load  it  with  the  ceilings  without  any  risk,  and  even  to  lay 
floors  on  it  with  moderation  .and  caution.    But  when  it 
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%m  «  gtfeot  beqring  or  spaiif  it  i&  rery  apt  to  bted.dowjfr# 
wards  in  the  middle,  or,  as  the  woriknien  term  it,  to  swa^f 
ar  nraf ;  and  il  reqauiel  »  8li|iport;  The  ^estiaa  is^ 
where  to  fiqd  this  tun>^  f  What  fixeii^  pdmU  can  wa 
find  with  wbkh  to  conaeet  the  middle  of  the  tie-baam  f 
Some  ingenious  earpeoter  thought  of  suspeodiog  it  from 
the  rii%e  by  a  piece  of  timber  BD  (Fig.  16.}  called  b^ 
our  carpenters  the  king-pMt.  It  mast  be  acknowledfi* 
ad  that  there  was  great  ingenuity  in  this  Ihoiig&t  It 
was  also  perfectly  just  For  the  weight  of  the  rafter^ 
BA,  BCf  tends  to  mahe  them  fly  out  ai  the  took,  Thil  is 
prerented  by  the  tie-beam,  and  this  excites  »  pcessure,  fajfi 
which  they  tepd  to  compress  each  other.  Suppose  th^ 
wiihoot  weight,  and  that  a  gredt  weight  is  kid  on  thv 
ridge  Bb  This  can  be  supported  only  by  the  batting  al 
the  rafkefs  in  their  own  direetions  AB  and  CB,  and  the 
weij^  tends  to  compress  them  in  the  opposite 
an^  through  their  interrenticni,  to  stretch  the  tie- 
If  neither  the  raitors  c4n  be  eompreased^  nor  the  tie-beam 
i^etehed,  it  is  plain  that  the  tf iangle  ABC  jniist  refain 
its  shape,  and  that  B  becomes,  a  fixed  point,  very  propec 
to  be  ttsed  as  a  point  of  anspension.  To  this  point,  there* 
fore,  is  the  tie4ieam  su^nded  by  means  of  the  kittg-post« 
A  cammon  spc<^ator,  unacquainted  with  carpenlry,  viewa 
it  very  diflbrently,  and  the  tie-beam  i^pearft  to  him  to 
eariry  the  roof  The  king-post  appears  a  pillar  resting  on 
the  beam^  whereas  it  n  really  a  string ;  and  an  iron  rod*  of 
ooe-siateenth  of  the  sine  woyld  have  done  just  as  well* 
The  king«>post  is  sometimes  mortised  into  the  tie-beam^ 
atnd  phM  pwt  through  the  joint,  which  gives  it  more  the 
look  of  a  pillar  with  the  raof  resting  on  it.  Thb  doei 
well  enough  in  many  oases.  But  the  best  BMthod  is  to 
connect  them  by  an  itxui  strap,  like  a  stirrup,  which  ia 
bol^  at  its  upper  ends  into  the  king-post,  and  passes 
msnd  the  tie-beam.  In  tUs  way  a  sp^  is  comnonly 
left  between  the  end  of  the  king-post  and  the  upper  sid« 
•  VOL.  ^  9  9 
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of  tbe  tie^biBAm.  .  Here  the  beam  plaiiili'  iappean  Bcngm^ 
in  tlie  stiiTup ;  and  this  method  aUowB  us  to  restore  tbe 
beaai  to  an  exact  letel,  when  it  has  sunk  by  the  tmavoid* 
able  eompressiob  or.  other  yielding  of  the  parts.  The 
holes  in  the  sides  <of  the  iron  strap  are  made  oblong  instead 
of  round ;  and  the .  bolt  whidt  is  drawn  .through  all  Is 
Blade  to  taper  on  the  under  side ;  so  thatdriTing  it  farther 
draws  the  tie-beam  npwards.  A  notion  of  this  majr  be 
formed  hj  looking  at  Fig,  16.  which  is  a  section  dTthe 
post  and  beam.  ■ 

It  requms  coasaderable  attention,  howerer,  to  make 
tills  suspemaon  of  the  tie-beam  suffideatly  firm.  The 
top  of  the  king-post  is  cut  into  the  form  of  tfre  arcb> 
stone  of  a  bridge^  and  tbe  heads  of  the  rafters  are  fiFmlj 
inortised  into  »this  ppogecting  part  These  projections  ace 
called  joggles,  and  are  formed  by  working  the  kiag^post 
out  of 'a  much  larger  piec^of  timber,  and  cutting  off  the 
unneoessarir  wood  from  the  two  sides ;  and,  lest  all  tUs 
should  not  be  sufficient,  it  is  usual  in  great  works  to  add 
an  iron  plate  or  strap  of  three  brandies,  which  are  belted 
into  the 'heads  of  the  king-post  and  rafters. 

Ike  rafters,  though  not  so  long  as  the  beam,  seem  to^ 
stand  as  much  in  need  of  something  to  prevent  their  bend« 
ing,  for  thej  carry  the  weight  of  tbe  covering.  This  can* 
not  be  done  by  suspension,  for  we  have  no  fixed  points 
above  them :  But  we  have  now  got  a  very  firm  point  of 
support  at  the  foot  of  the  king-post  Braces^  or  sAvte, 
ED»  FD,«Fig.  17.  are  put  under  the  middle  of  the 
iraftert,  where  <they  are  slightly  mortised,  and  their  lower 
cods  are  firmly  mortised  into  joggles  formed  on  the  fix»t 
ef  the  king'post.  As  these  braces  are  very  powerful  in 
their  resistseoe  to  compression,  and  the  king-post  equally 
so  to  resist  extension,  the  points  £  and  F  may.  be  consi* 
dered  as  fixed ;  and  the  rafters  being  thus  reduced  to  half 
their  fixtner  length,  have  now  four  times  their  foneer 
sdative  strength. 

£72.  Roofs  do  not  alwaycr  consist  of  two  sloping  sides 


top,  wUb  two  stopiog  sicl^s:  '  THey*  are  iotofelirties' firnn^ 
wHh  0 double  slop^,  aitd  affe  ceAleA^k^b  ^r^mdtMtfiie  To<yfi. 
V!hej  sometiiti^s  hfire  a  valley  M  the^^dle;  and  are  then 
tailed  M  roofs;  Snch  roofs  *requlr^^  another  piece  which 
may  be  called  th«  itu^iibeani;  betaafce'  all  stick  frames  are 
talkd  ttui^eii  pirobably  fVotti  the  JPrtsn^h  wiord^trmssc^  be- 
cause suoh'toeffs  are  Hbe  pAofrtion^iof  ptkin  rdofs,^K>i»^ror 

fthorten^A  '    

A  flat-topped  roof  is  thus  constructed.  Suppbie  th^t  thei:e 
ar^tliree  rtrflCrs  AB,  BG,  Gt)  (Pi^.  IS.yof  wWdh  AB  tod 
CD  41^  eq«aU  find  BO  hdtTXoMa).  It  is' ))la?n  that  the^ 
triH  be  In'^qMJtbrio,  anfd  the  roof  bare  n<^^end^ncy  to  go 
to^«kker«}d^:  Tllc^'tf^beam  AI>'«vKbstaiids<the  horizon^ 
tal'  tbrUi«S''oMHe;.if{^te*  frame^  and  the  two  rrftefs  AB 
•iMeDateri^(<)ff])rteM!in  th^ir  own  clireetions  in  cen-» 
ae^ifeitce  bf  their  Mftiirv^  wKh*tfae  Middle  rdfter  or  trUss* 
berfm  BC;  '<  It  Ked  b«tw«^  theiii1^lte'th«  key^one  of  an 
.  ardi.  trhey  lecin  to^ttt^^'il^^^'dnat  it  r^sts  oh  them.  The 
pressiir^^whieb^  rt)«  t^kd^i^m  aW^^lts  Wd  i^xcites  6ii  tlie 
tWo'W^lnisrs  is  tfte  4effkslti^^  if  Ihe^ritft^s  were  pmdu- 
ced  till  they  meet  in  G,  and  a  weight  wene^bli(t*on  %hese 
^hsA  to  thUt  of  Big  ^hd'M'foMt  *  If  Melf^fi^*  the  tt^uss- 
IfeflWi'l^  i>f  a>8eantliii^M0cient  fbf  frarry)n^>fts  owii  lotfdi 
aitJI'  ift'it^sCi^tigt  tte>  iJbtnprei^ori  f^khk  the-i^t^t^Xeit^ 
tM-rocie  VvW<|bvt^(^n^  ^trcyng  (Whi)^  it-k^^^its-^sbflpe) 
li»*the  plaiiv  ilsuf^'Ald&^riiirRrsbed  with  kthg^post  and 
hhuce^  ^ '  yV^'tnsiy'kdiAc^ivk  tbrs  another '  wif^  Suppose  a 
plain  roof  AGD,  ^HhbHttl^aees  to  stlpp^rt  tbte  middie'B 
iina<  tiff^e  mHefai  '  Then  let  a  beam  BC  be  put  in  be- 
tw^n  the  tkMirisy  }fiAiit\g  upon  Yittle  liotches  cut  in  ttte 
raftlEfrs.'  '  It  is  '^vfd^nf  fhM  this  must  prer^nt  the  rafters 
froth  1)endiWg'  d6Wti^iri>d9,  beiianse  tbfe  points  B  and  C 
cbnhot  Ascend;  Hi4)v)iig^' round  the  <^ifCi*es  AandD,  ^itb- 
o^ut  sboftening  f he  diMttttce  BC  b^we^ii  them.  This  cam 
not 'be  >$«rlth6nt^  dotnt^estthg  t6i(  beam  BC.    It  is  plain 
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tbti  BC  Baj  be  iredged  in,  or  w^ges  driren  in  beiw6ea 
iU  miM  B  aod  C  and  the  notches  in  which  it  is  lodged^ 
These  wedges  tney  be  driven  in  till  they  even  force  out 
the  nfters  GA  eiid  GD.  Whenever  this  happens,  all 
tint  mutual  pressure  Cff  the  beads  of  these  rafters  at  G  ia 
taken  away,  and  the  parts  GB  and  GC  amj  be  cut  awajr^ 
and  the  ^oof  ABCD  will  be  as  strong  as  the  roof  AGD 
furnished  with  the  king-post  and  braces,  because  the  tniss^ 
beam  gives  a  support  of  the  same  kind  at  B  and  C  as  the 
brace  would  have  done. 

But  this  roof  ABCD  would  have  no  firmness  of  sk^pe* 
Anj  addition  of  weight  on  one  side  would  destroy  the 
eyiilibrittm  at  the  angle,  would  depr^  that  angle,  and 
cause  the  opposite  one  to  rise.  To  give  it  stiffness,  ilmnsi 
either  have  ties  or  braces,  or  something  partaking  of  the 
nature  of  both.  The  usual  method  of  framing  is  to  make 
the  beads  of  the  rafters  butt  on  the  joggles  of  two  side- 
posts  BE  and  CF,  whik  the  truss^beam,  or  struts  as  it  it 
generally  termed  by  the  eaiyenteffs»  is  mortised  square 
into  the  inside  of  the  hands.  The  lower  ends  £  and  F  of 
the  side-posts  are  connected  with  the  tie-beam  either  by 
mortises  or  straps. 

,  This  construction  gives  firmness  to  the  fcame ;  for  the 
imgle  B  euuM^  descend  in  consequence  of  any  inequality 
of  pressure,  without  forcing  the  other  angle  C  to  rise. 
Thb  it  cannot  do,  being  held  down  by  the  peat  CF.  And 
the  same  construction  fortifies  the  tioJbeam,  which  is  now 
auspended  at  the  points  £  and  Ffixrni  the  pointsBaad C, 
ifhose  firmness  we  have  just  now  shown. 
.  673.  But  although  this  roof  suiy  be  made  abundantly 
strong,  it  is  not  quite  so  strong  a»  the  plain  roof  AGD  of 
-  the  same  scantling.  The  compression  which  BC  must 
sustain  in  order  to  give  the  same  support  to  the  rafters  at 
B  and  C  that  was  given  by  braces  properly  placed,  is 
considerably  greater  than  the  compression  of  the  braces* 
And  this  3train  b  an  addition  to  the  transvene  strain 
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whidi  BC  gets  from  its  owa  load.  Th!s  form  also  neces* 
•arily  exposes  the  tie-beam  to  cross  strains.  If  BE  is 
IDortised  into  the  lie-beam,  then  the  strain  which  tends  to 
defiress  the  angle  ABC  presses  on  the  tie-beam  at  E  trans(> 
▼erselj,  while  a  contrary  strain  acts  on  F,  palling  it  up» 
wards.  These  stnins  however  are  small ;  and  this  con^ 
struction  is  frequently  used,  being  susceptible  of  suflfeient 
strength,  without  much  increase  of  the  dimensions  of  the 
timbers ;  and  it  has  the  great  advantage  of  giving  free 
room  in  the  garretsi  Were  it  not  for  this,  there  is  a  much 
more  perfect  form  represented  in  Fig.  19.  Here  the  two 
pasts  BE,  CF,  are  united  below.  All  transverse  action  on 
the  tie-beam  is  now  entirely  removed.  We  are  almost 
disposed  to  say  that  this  is  the  strongest  roof  of  the  same 
width  and  slope :  for  if  the  iron  strap  which  connects  the 
pieces  BE,  CF,  with  the  tSe-beam  have  a  large  bolt  Q 
through  it,  confining  it  to  one  point  of  the  beam,  there 
are  five  points  A,  B,  C,  D,  6,  which  cannot  change  their 
places,  and  there  is  no  transverse*  strain  in  any  of  the  con« 
nections. 

When  the  dimensions  of  the  building  are  very'  great, 
so  that  the  pieces  AB,  BC,  CD,  would  be  thought  too 
weak  for  withstanding  the  cross  strains,  braces  may  be 
added  as  is  expressed  in  Fig.  18.  by  the  dotted  lines. 
The  reader  will  observe  that  it  is  not  meant  to  leave  the 
top  flat  externally :  it  must  be  raised  a  little  in  the  middle 
to  carry  dff  ^e  rain.  But  this  must  not  be  done  by  in- 
eurvating  the  beam  BC.  This  woul<^  soon  bfe  crashed, 
and  spring  upwards.  The  slopes  must  be  given  by 
pieces  of  timber  added  above  the  strutting  beam. 

574.  And  thus  we  have  completed  a  frame  of  a  roof.  It 
consists  of  these  principal  members :  The  rafters,  which 
are  immediately  loaded  with  the  covering ;  the  tie-faeam^ 
which  withstands  the  borisontal  thrust  by  which  the  roof 
tends  to  fly  out  below  and  push  out  the  walls ;  the  king* 
postS|  which  hang  from  fixed  points  and  serve  to  uphold 
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tlie  tj&Jbeav^  And  ilso.  to  aUbrd  otber  fixed  points  ob 
vrhicb  We  .may  rest  the  braces  whick  support  the  middle 
of  thii  rufterB;  and  lastly ,  th^  truss,  or  $tnitting4)eaiii^ 
whicb  serves  to  give  mtttual  abutmeot  to  the  different 
parts  whicb  are  at  a  distaace  from  eadi  other.  The 
rafters,  braces,  aod  trusses,  are  exposed  to  compression^ 
#iid  must  ther€|bre  have  not  only  cfohesion  but  stiffness, 
f'or  if  they  bend,  the  prodigious  compressions  to  which 
they  ^e  suti^ted  would  quickly  crush  them  in  this  bend<» 
ed  state.  The  tieJieams  and  king-posts,  if  performtag 
oo  other  office  but  suppcffting  the  roof,  do  not  require 
atiffness,  and  their  places  might  be  supplied  by  ropes,  or 
by  rods  of  iroi^  of  Dne^tmth  part  of  the  section  that  even 
the  smallest  oak.  stretcher  r^uhres. .  These  members  re* 
qaire  no  greater '  dimensions  than  wbat  is  necessary  for 
giving,  sufficient  joiotS)  and  any-more  is  a  needless  expeoce 
aud  load.  All  roof%  boFcver  complicated,  consist  of  these 
essential  parts»  and  'if  pieces  of  tiodier  are  to  be  seeR 
ivbich  perform  Mne  q£  these  offices,  they  must  be  pro? 
nounced  useless,  and  they  are  frequently  hurtful,,  by  pro- 
fluciag  cross  straiiM  in  dome^  other  piece.  In  a  roof  pro- 
perly constructed  .there  should  be  po  ;Buch  strains*.  All  the 
tirnbers,  except,  those  whicb  immediately  carry  the  cover* 
ing,  should  be  either  pushed  or  drawn  m  the  direction  of 
their  lengths  And  this  ia  the  ride  by  which  a  roof  shoiild 
always  b^rexamined. 

^7S.  These  essential  parts  are  susceptible  of  numberless 
combinations,  and  varieties.  But  it  is  a  prudent  maxim 
toi^^ke  the  construction  as  simple,  and^consiating  of  as 
few  parts,  as  possible.  We  are  less  exposed  to  the  imper. 
ffctions  of  workmanship,  such  as  loose  joints,  &c.  An- 
pther  esseouaj  harm  arises  from  many  pie<:es,  by  the  com- 
pr^s^o  and  tlie  shrinking  of  the  timber  in  the  <«oss  di- 
recM<¥»  of  the  fibres.     The  effect  of  this  is  equivalent  to 

'     ri!«^^^"T^  ""^  ^"^^  P'«^  ^•^•^'^  ^^^  o»  th*  y^^ 

lii»4Ut^rs  the  proportions  of  the  sides  of  the  triangle  on 
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irfiich  the  shape  of  (lie  nhole  depends.  Now  in  a  roaC 
•Qch  as  Fig.  18.  there  is  twice  as  much  of  this  as  in  the 
jpkitt  pent  roof,  booause*  there  are  two  potfts.  And  what 
the  direction  of  the  hutting  pieces  is '>er}r(  oblique  to  the 
actioq  of  the  load,  a  small  shrinking  peraula  a  great  change 
of  shape.  Thus  in  a  roof  of  what  is'  caUed  pediment  pitchy 
where  the  rafters  make  an  angle  -of  90  degrees  with  the 
Jboriaon,  half  an  inch  compression  of  the  king-post  wiU 
produce  a  sieging  of  an  inch,  and  occasion  a  great  strain 
4MI  the  tie-beam  if  the  posts  are  mortised  into  it 

We  would  therefore  recommend  Fig.  80.  as  a  proper 
€<Histrttction  of  a  trussed  roof,  preferable  to  that  which  is 
generally  used,  and  tlie  king-post  which  is.  placed  in  it 
may  be  employed  to  support  the  upper  part  of  the  rafters^ 
and  also  for  (Mreventing  the  strut-beam  from  bending  in 
either  direction  in  conseqneaee  of  its  great  oompressiou* 
It  will  also  give  a  suspension  for  the  great  burdens  which 
are  sometimes  necessary  in  a  theatre.  The  machinery 
has  no  other  firm  points  to  which  it  can  be  attached;  and 
the  portion  of  the  single  rafters  which  cany  this  king^post 
are  but  short,  and  therefore  may  be  considerably  loaded 
with  safety. 

We  observe  in  the  drawings  which  we  sometimes  have 
of  Chinese  buildings,  that  the  trussing  of  roofs  is  under- 
stood by  them.  Indeed  they  must  be  very  experienced 
carpenters.  We  see  wooden  buildings  run  up  to  a  great 
-height,  which  can  be  supported  only  by  such  trussing* 
One  of  these  is  sketched  in  Fig.  21.  There  are  some 
,very  exoellent  specimens  to  be  seen  in  the  buildings  at 
Deptford,  belonging  to  the  victualling-ofiSce,  usually  called 
the  Bed  Home,  which  were  erected  about  the  year  1786, 
and  we  believe  are  the  performance  of  Mr  James  Arrow 
of  the  Board  of  Works,  one  of  the  most  intelligent  artists 
in  this  kingdom. 

576.  Thus  have  we  given  an  elementary,  but  a  rational 
or  scientific,  account  of  thb  important  part  of  the  art  of 
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iNM^peatry.  It  is  sik^  tluit  aaj  prmtHtiomrf  Irith  tilt 
trouUe  of  a  lilUe  ivAeeiioii,  itiaf  ahraye  piooeod  with 
cmifidMoe,  aad  wiAott  mtkif  an j  part  of  Ua  pmcliee  a« 
Iba  ragae  nc^as  whicb  kMi  may  hate  givea  hint  cf  tfaa 
itvMgUi  and  tuj^rti  of  tbaben^  and  of  their  mannar  af 
iMftiag.  That  these  fif^quently  mislead,  is  prated  hj  tha 
aiutiMl  f  ritieimto  irhi<th  are  frequently  poUiahed  by  tiw 
tiTals  in  the  profession.  They  ha?e  fraquentfy  sagaeity 
aaough  (tor  it  can  seldom  be  called  science)  to  point 
out  glaring  blunders ;  and  any  person  who  will  look  at 
vaase  of  the  perCormanoes  of  Mr  Prife,  Mr  Wyatt^  Mr 
Arrow,  asd  others  of  acknowledged  reputation,  witt 
readily  see  them  distiaguishable  from  the  works  of  infa» 
rior  artists  by  simplicity  alone.  A  man  without  prindplea 
b  apt  to  ccHMider  an  iiaricate  eoastruetion  as  ingenious  and 
^eflfcctual ;  and  such  roofo  sometimes  fail  OMrely  by  being 
ingenioiisly  loaded  with  timbar,  but  mora  frequtetly  stiU 
Ify  the  wrong  action  of  some  useless  pieee^  which  prodaosi 
itmins  that  are  transverse  to  otiier  pieces,  or  whiah,  bf 
rendering  some  points  too  firm,  cause  them  to  be  deserted 
hj  the  ratt  in  tlie  general  subsisting  of  the  whole.  Ii^ 
stances  of  this  kind  are  pointed  out  by  Price  in  his  Britisii 
Carpenter,  Nothing  shows  the  skill  of  a  carpenter  more 
than  the  distinctness  with  which  he  can  foresee  the  changes 
of  shape  which  must  teke  place  in  a  short  time  in  every 
roof«  A  knowkdge  of  this  will  often  correct  a  construe* 
tion  which  the  mere  mathematician  thinks  uaesceptio»> 
aUe,  because  be  does  not  reckon  on  the  actual  compress 
iton  which  must  obtain,  and  imagines  that  hii  trianj^es^ 
which  sustain  no  ctoss  strains^  invariably  retein  their 
shape  till  the  pieces  break.  The  sagacity  of  the  txpt^ 
rienced  carpenter  is  not,  however,  enough  without  seienee 
lor  perfecting  the  art.  But  when  iie  knows  how  nomch  a 
particular  piece  will  yield  to  compression  in  one  ease^ 
science  wilt  tell  him,  and  nothing  but  seienee  can  do  it, 
be  tbf  9oaspra»ion  of  the  same  piece  in  anotbet 


Mry  dUfera*  enta  Thin  ha  leMms  h^w  fiir  it  will  imm 
jri4d»  tftd  then  he  proportioM  tb»  porta  so  to  each  <»th«r| 
Ihat  wheQ  rU  h«re  ykUed  oocoirdiiig  to  their  •tmiBS*  tht 
whole  18  of  Uwr  ^tpe  h<e  wiibad  to  prodifec^  and  eveCf 
j^kit  is  i«  a  state  of  firnuiess.  It  is  faese  that  we  ohaervt 
the  gKalast  oiimbar  of  ioi^opfietias.  I'he  iron  sirapl 
jMe  freqiieftiljr  19  pnaitioBs  not  f  uitsd  to  the  artuai  strait 
011  tbem»  4tfi4  th^j^  are  ia  a  state  of  f  iolmit  twists  which 
both  t^ds  f tropfiy  to  bfeak  the  strap,  and  to  crip^  tte 
fmeesi  which  they  surroimd* 

r  In  tike  BHuwer,  we  frequently  ^em  joiats  or  moriises  is 
Ik  state  of  TS&leat  strain  on  the  tenoosi  or  on  the  heels  and 
a^oulders.  Th^  joints  wisre  perha{is  proparly  shaped  tf 
4he  prunitiYe  form  <>f  the  truss  ;  huit  by  its  settling,  thf 
jifwmg  4U1  the. push  is  changed :  the  b^ace^  for  exanipl^ 
in  a  rery  low  pitched  roof»  comes  to  press  with  the  upper 
part  of  the  shoulder,  aod^  acting  as  a  powerful  lever  09 
Ihf  tenon,  breaks  it.  In  like  manner,  the  fewer  and  CjjT 
$be  brace»  whi<^  at  fint  butted  firmly  and  squarely  on  thf 
JQggle  of  the  king^posty  now  presses  with  one  corner  witli 
prodigious  force,  and  seldom  fails  to  sphnter  off  on  tW 
aid%  We  cannot  help  recommending  a  maxim  ^  Mr 
Perronet  the  celebrated  hydraulic  architect  of  France,  as  f^ 
golden>  rule,  m»  to  make  all  the  shoulders  of  butting 
pieces  in  the  form  of  an  arch  of  a  circle,  having  the  opp»- 
aita  end  of  the  piece  for  its  centre.  Thus,  in  Fig.  IS.  if 
the  jccg^e«joint  B  be  of  this  form,  having  A  for  its  centre^ 
the  Slugging  of  the  roof  will  make  no  partial  bearing  at  the 
joint :  for  in  the  sagging  of  the  roof,  the  piece  AB  turns  or 
bends  round  the  centre  A,  and  the  counter-pressure  of  the 
joggle  is  still  directed  to  A,  as  it  ought  to  be.  We  havf 
just  now  said  bend9  round  A.  This  is  too  frequently  the 
^ase,  and  it  is  always  very  difficult  to  give  the  tenon  and 
l^ortise  in  this  place  a  true  and  invariable  bearing.  The 
waiter  pushes  in  the  direction  BA,  and  the  beam  resists  in 
the  direction  A1X  The  abutment  should  be  perpendicular 
to  neither  of  these  but  in  an  intermediate  direction,  and  it 
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img^l  alio  to  be  of  a  curved  shape.    But  Ae  carpenter! 
periiaps  think  that  this  would  weaken  the  beam  too  much 
to  give  it  this  shape  in  the  shoulder ;  they  do  not  even 
Mim  al  it  in  the  heel  of  the  tenon.    The  shouMer  is  com* 
aiOBlf  even  with  the  surface  of  the  beam.    When  the 
bearing  therrfore  is  on  thb  shoulder,  it  causes  the  foot  of 
tiie  rafter  to  slide  along  the  beam  till  the  Keel  of  the  le- 
BOB  bears  against  the  outer  end  of  the  mortise  (See  Priced 
MrOiA  Carpenter^  Plate  C.  Fig.  I K).    This  abutment  it 
perpendicular  to  the  beam  in  Price^s  book,  but  it  is  mora 
generallj  pointed  a  little  outwards  below,  to  make  it  more 
aeeore  against  starting.  The  consequence  of  this  constmo* 
iioto  is,  that  when  the  roof  settles,  the  shoulder  comes  to 
bear  at  the  inner  end  of  the  mortises,  and  it  rises  at  the 
eater,  and  the  tenon  taking  hold  of  the  wood  beyond  it» 
dtheir  tears  it  out  or  is  itself  broken.    This  joint  there- 
fnre  is  seldom  trusted  to  the  strength  of  the  mortise  and 
tenon,  and  is  usually  secured  by  an  iron  stfup,  whidi  liea 
eUiquely  to  th^  beam,  to  which  it  is  bolted  by  a  la^ge  boK 
^ite  through,  aQd  then  embraces  the  outside  of  the  rafter 
fooL    Very  firequently  thb  strap  is  not  made  suffidentlj 
ohUqne,  and  we  have  seen  some  made  almost  square  with 
the  beam.     When  thb  is  the  case,  it  not  only  keeps  the 
foot  of  the  rafter  from  flying  out,  but  it  binds  it  down.^  la 
this  case,  the  rafter  acts  as  a  powerful  lever,  whose  fulcrum 
is  tha  inner  angle  of  the  shoulder,  and  then  thestn^ 
never  fails  to  cripple  the  rafter  at  the  point    AU  thb  can 
be  prevented  only  by  making  the  strap  very  long  and  very 
oblique,  and  by  making  its  outer  end  (the  stirrup  part) 
square  with  its  length,  and  making  a  notch  in  the  rafter 
foot  to  receive  it.     It  cannot  now  cripple  the  rafter,  for  it 
Will  nse  along  with  it,  turning  round  the  bolt  at  its  inner 
end.    We  have  been  thus  particular  on  thb  joint,  because 
It  u  here  that  the  ultimate  stram  of  the  whole  roof  b  ex- 
erted, and  Its  situation  will  not  allow  the  excavation  ne. 
cessary  for  making  it  a  good  mortise  and  tenon- 
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Similar  attention  must  be  paid  to  some  other  sli^iSy 
nuchas  those  which  embrace  the  middle  of  the  rafter* 
and  connect  it  with  the  post  or  truss  below  it.  We  most 
flittend  to  the  change  of  shape  produced  by  the  sagging  of 
ike  roof»  and  place  the  strap  in. such  a  manner  as  to  jitH 
to  it  hj  turning  round  its  bolt,  but  so  as  not  to  become 
loose,  and  far-less  to  make  a  fulcrum  for  anj  thing  acting 
as  a  lever.  The  strains  arising  from  such  notions,  in 
framings  of  carpentrj  which  change  their  shape  by  sagr 
ging,  are  enormous,  and  nothing  can  resist  them. 

577.  We  shall  close  this  part  of  the  subject  with  a 
aimpte  methpd,  by  which  any  carpenter,  without  mathe*' 
■satioal  science,  may  calculate  with  sufficient  precision 
the  strains  or  thrusts  which  are  produced  on  any  point  of 
bis  work,  wfaalerer  be  the  obliquity  of  the  iiieoes. 
^ .  Let  it  be  required  to  find  the  horizontal  thmst  acting 
on  the  tie-beam  AD  of  Fig.  18.  This  will  be  Uie'  same 
as;if  the  weight  of  the  whole  roof  were  laid  at  G  on  the 
two  rafters  6A  and  GD.  Draw  the  vertical  linetGIL 
Then,  having  calculated  the  weight  of  the  whole  i^oof 
that  is  supported  by  this  single  frame  ABCD,  including 
tlie  weight  of  the  pieces  AB,  BC,  CD,  BE,  CF,  tiiem«- 
selves,  take  the  number  of  pounds,  tons,  &c.  which  ex« 
presses  it  from  any  scale  of  equal  parts,  and  s^  it  from 
G  to  H.  Draw  HK,  HL,  parallel  to  GD,  GA,  and  draw 
the  line  KL,  which  will  be  horisontal  when  the  two  sidea 
of  the  roof  have  the  same  slope.  Then  ML  measured  on 
the  same  scale  will  give  the  horizontal  thrust,  by  which 
the  strength  of  the  ti^*beam  is  to  be  regulated.  GL  wiU. 
give  the  thrust  which  tepds  to  crush  the  rafters,  and  XM 
win  also  give  the  force  which  tends  to  crush  the  'stmil* 
besmBC. 

In  like  manaeri  to  find  the  strain  on  the  king-poet 
BD  of  Fig.  17.  consider  that  each  brace  is  pressed  by 
half  the  weight  of  the  rooing  laid  oil  BA  or  BC,' and 
pressute,  or  at  least  its  hurtful  effect^  is  diminished 
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ia  the  proportion  of  BA  to  DA^  beamie  the  action  of 
gniTitj  is  Tertical,  and  ibe  effect  which  ^e  want  to  coim- 
tertet  by  the  braces  is  ia  a  direction  E  c  perpendicular  to 
BA  or  BC.  But  as  this  b  to  be  resisted  by  the  brace  /  E 
acting  in  the  direction  /E,  we  must  draw  ft  perpencfi. 
cttlar  to  E  e,  and  suppose  the  stnun  augmented  in  tha 
|Ht>portion  of  £  e  to  £/. 

Having  thus  obtained  in  tons,  pounds,  or  other  wum^ 
•nres,  the  strains  idiich  must  be  babnced  at/  by  the  co- 
hesion  of  the  king-post*  take  this  measure  from  the  scai^ 
of  equal  parts,  and  set  it  off  in  the  directions  of  the 
traces  to  6  and  H,  and  complete  the  paraHekgraai 
Gt/HK;  and  /K  measured  on  the  same  soik  will  ba 
the  strain  on  the  king-post 

578.  The  artist  may  then  examine  the  strength  of  bis 
tniss  upon  this  principle,  that  every  square  inch  of  oak 
will  bear  at  an  average  7000  pounds  compressing  or 
stretching  it,  and  may  be  iafely  kwded  with  8600  for 
any  length  of  time ;  and  that  a  sqoare  inch  of  fir  wiU 
In  like  manner  securely  bear  SSOO.  And,  beeanse  straps 
are, used  to  resist  some  of  these  strams,  a  square  inch  of 
well  wrought  tough  iron  may  be  safely  strained  by  60,000 
pounds.  Bttt  the  artist  will  always  recdteet,  that  we 
cannot  have  the  same  confidence  in  iron  as  in  timber, 
The  faults  of  this  last  are  much  more  easily  perceived ; 
and  when  timber  is  too  weak,  it  gives  us  warning  of  its 
fcilure,  by  yielding  sensibly  before  it  breaks.  This  ia 
not  the  case  with  iron ;  and  much  of  its  service  dqpends 
im  the  honesty  of  the  blacksmitL 

fl79.  In  this  way  may  any  design  of  a  roof  be  eza* 

arined.    We  shall  here  give  the  reader  a  sketch  of  two  or 

three  trussed  roofs,  which  have  been  executed  in  the  chief 

rarieties^  of  curonmstances  which  occur  in  common  prac^ 

•  tiee. 

.   Fig.8.ofPlirteVIIL  i8tiieroorofStPaursCliiifcii,Co. 
tnitisrardeBt  Xioadon,  the  irvtk  of  Iiigo  Jonca.    lu  oo»« 
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ilrtictitfn  i»  tiagiilir.  The  roof  extends  to  a  otmidtCBbte 
distance  beyond  the  hnilding,  and  the  ends  of  the  tie-beama 
Mqpport  the  Tuscan  comkhe,  appearing  like  the  matalai 
of  the  Doric  order.  Such  i|  roof  could  not  rest  on  the  tie« 
beam.  Ini^  Jones  has  therefore  supported  it  bj  a  tmsa 
below  it ;  and  the  height  has  allowed  fadn  to  make  this  eix-* 
tremdj  strong  with  very  little  timber.  It  is  acoouateA 
tiie  highest  mot  of  its  width  in  London.  But  this  was 
not  diflScttit,  by  reason  of  the  great  height  which  its  e^*^ 
treme  width  allowed  him  to  employ  without  hmrttng-  th^ 
beauty  of  it  by  too  high  a  pitch.  The  siiqpfiortSy  how*» 
ever,  are  disposed  with  judgment.  * 

Fig.  82«  is  a  kirb  or  mansarde  roof  by  Price,  and  sup^ 
posed  to  be  of  large  diosensions^  haTtng  brakes  to  carry 
the  middle  of  the  rafters. 

It  will  serve  exceedingly  wdl  for  a  chweb  hairing 
pillars.  The  middie  part  of  the  tio'^beam  being  taken 
away,  the  strains  are  reiy  well  balanced,  so  that  there 
is  no  risk  of  its  pushing  aside  the  piUars  on  whidi  il 
rests. 

Fig.  23.  is  the  celebrated  roof  of  the  theatte  of  tfao 
imivenity  of  Oxford,  by  Sir  Christopher  Wren.  The 
span  between  the  walls  is  75  feet  This  is  accounted  a 
very  ingenious,  and  is  a  singular  performance  Th# 
middle  part  of  it  is  ahnost  unchangeable  in  its  fionn ;  bat 
from  this  circumstance  it  does  not  distribute  the  hotixon^ 
tal  thrust  with  the  same  regularity  0b  the  usual  oonstrucp* 
Uoo.  The  horiaoDtal  thrust  on  t|ie  tie-beam  is  aboui 
twice  the  weight  of  the  roof,  and  is  withstood  by  an  iron 
strap  below  the  beam,  which  stretches  the  whole  width 
of  the  buikUng  in  the  form  of  a  rope,  making  part  of  the 
ornament  of  the  ceiling. 

580.  In  all  the  roofs  which  we  have  considered  hi« 
therto,  the  thrMst  is  discharged  entirely  firom  the  walls  bjf 


^^•^ammmmtm* 


*  See  CarpeBtrj  in^tbit  Vol.  p.  MS. 
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ibe  tie-beam.  But  ibis  cannot  always  be  done.  We  fr^^ 
quentty  want  great  ekvation  within,  and  lircfaed  ceilings. 
In  ancb.  cases,  .it  b  a  much  more  difficult  matter  to  keep 
the  wails  free  of  all  pressure  outwards,  and  there  are  few 
btttldingf  where  it  is  completely  d^ne.  Yet  this  is  the 
greatest  fault  of  ^  root  We  shall  just  pdint  out  the  me- 
fiiodfl  which  may  be  most  successfully  adopted< 
'  .We  hav«  aaid  that  a  ti&>beam  just  performs  the  office 
of  a  atrisg.  We  have  said  the  same  of  the  king^poat 
Now  suppose  two  rafters  AB,  JBC  (Fig-  S4.)  moveable 
about  the  joint  B,  and  resting  on  the  top  of  the  wbBsj 
If  the  line  BD  be  suspended  from  B, .  and  the  two  lines 
HA^  DC,  be  fastened  to  the  feet  of  the,  rafters,  and  if 
Ihfiie  iines  be  incapdble  of  extension,  it  is  plain  that  sU 
thrust  is  removed  from  the  walls  as  effiectually  as  by  a 
commdn::tictJWaBs.  And  by  ahortcning  BD  to  B  dy  we 
gun  a  greaikr  inside  height,  and  more  room  for  an  arcba 
od  Ceiling.*  ^^ow  if  #e..8obstitiite  a  king*post  BD  Figw 
2S.>aiid  two  atretcbtrsiftr  hammer  beams  DA^  DC,  for  the 
6ther  strings,  and  connect  them  firmly  by  means  of.  iron 
straps^  we  obtain  bur  purppsel 

\  Let  us  compare  Ibis  roof  with  h  tie-beam  roof  in  point 
of*  stndn  >  and  strength. ^  Keour  to  Fig.  84.  and  complete 
tlie{]parattelogram  4J9CF,  and  draw  Uie  diagonals  AC^ 
BF,  orossing  in  El  Draw  .B6  perpendicular  to  CD: 
We  haie  seen  .that  the  .weight  cf  the  roof^  which  we 
may  cal  W)  is  to  the  horizonUl  thrust  at  C  as  BFto 
£C  4 :  and  if  we  express  this  thrust    by   T,*  we  have 

T*V    X>JC<v</        '^-tfy  4 

—  — |Tp — -    We  may  at  present  consider  BC  as  a 

letter  moveable  round  the  joint  B,  and  pAlied^t  C  in  the 
direction  EC  by  the  horizontal  thrust,  and  held  back  by 
the  string  puUing  ill  the  direction  CD.  Suppose  that  the 
forces  in  the  dipeetipns  EC  and  CD  are  in  equilibrio^  and 
let  U8  iSnd  the  force  S  by  which  the  string  CD  is  stnuned. 
These  forces  must  (by  the  property  of  the   lever)  be 


s 
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Invcrsdj  as  Ae  peqiendieuliurs  itkwh  from  the  oenlit 
of  motion'OB  tlie  lines. of  their  direction.  .  Therefor* 

BG  :BE  ^  T  :  S,  and  S  =  T  X  ^.  =  ^  x||;~ 

'  Therrfore  'the  strain  upon  each  of  the  ties  DA  and 
DC  }s  always  greater  than  the  horixontat  thnisli  w  tba 
strain  on- a, simple  tie-beam* .  This  would  be  mi  grest 
inconvenience,  because  the  smallest  dknensiolis  that  wa 
coold.  givetoAhese  ties,  sons  to  procure  sufficient  fix- 
titfes' tothe.  a^oining  pieces,  are  always  .suffieient  td 
withstand  thin  strain.  Bui  although  the  same- may  bs 
said  ef  UiC'iron  straps  which  make  the  ulUlnate  coanec* 
tians,  there  is  always  jome  haaand  of  imperfeet  work^ 
0MkM  or  flfivu,  vifluek  fre  nd  pereeired  We  4)an  jud^a 
with  tdlecabl^  certainty  of  tliC'  soundness  of  a^fpieoeof 
tisober,  but  cannot  slu^  i  so  much  of  a  piece  j^f  iron. 
Moreover,  ( these  is  a  prodigious  strain  excited  on  -tha 
holig-post,  wlien  B6  is  Tcry,  short  t  in  comparison  iof  BS» 
Baaeiy^  the  force  compounded  of :  the  two  strains  S  and 
Saoi-thetiesDAiandDG.   .  .  i 

.  But  there  B.  another  defect,  from  which  the  ^straight 
lie^beami  i^' efctirelyt  free.  AIL  roofs  settles  little..  When 
thir.  roof,  setfles,.  and  the*  points  B  and  D  descend^  tba 
kys  BAi  BC^asnst  .spread  further  out,  sutd  thus  k  firessura 
outwardsiis  esstitod  on  the  wallsL  It  is  seldom,  therefonv 
that  this  kdnd'Of  roof  can  be  executed  in  this  ample  form, 
and  other  oonirirances  are  necessary  for  eounteraotit^ 
this  superyeniog  action  on  the  walls.  Fig.  26i  isooeiofi 
thar best  which  we  have  seen,  and  ir executed  with*  great 
success  in  the  drcus  or  equestrian  theatre  in  Edinburgh^ 
the  width  being  60  feet.  T  he  pieces  £F  and  ED  help  ^ 
takeoff  solne  of  the  .weight,  and  >by  their  greater  ufH» 
rigfatness'  Ihey  escert  a  smaller  thrust  on  the  walls.  The 
beam  D  d  is  also  a  sort  of  truss^-beam,  having  somethittg 
oC'the  saase  eflfect  Mr  Price  has  giren  another  uevj 
judieioas^taeor^this  l^nd,.  {BrUiih  Catfenier^  Plate  iK; 
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Fig.  C»>  A^oin  wfiich  iIm  tie-betm  tmy  1|e  ttlewatrkj,  and 
Aett  will  reman  very  HitU  tbrust  oa  tba  wbIIa.  TIiom 
whiok  he  has  given  in  the  following  Plate  K  8re»  in  onr 
opinion,  very  faulty.  The  whole  strain  in  these  last 
iooh  leads  to  braEik  the  rafters  andi  tits  MmsTersely,  and 
tho  iztures  of  tW  tits  are  also  not  wtU  calcnlaltd  to  re^ 
Ml  ibe  strain  to  which  the  jneces  mie  expostdi  Wt 
Iterdly  think  that  these  roofs  could  be  executed* 
-  081.  It  is  icartely  aetessary  to  remind  the  feader^  that 
In  all  that  we  hiv«  delivered  on  this  sabjeet,  lae  han^  at* 
tendtd  only  to  the  constructkm  of  the  principal  nailan 
or  trusses.  In  smaN  baildiagt  all  the  rafters  ate  ai  mm 
kind  X  but  in  great  buiidinga  the  whoia  weight  of  tbi 
aoTering  ik  made  to  rest  o«  a  few  principal  raftcn,  wUdi 
are  connected  by  beama  pilaeed  hariaontally,  and  eilber 
naortised  into  them  or  scarfed  on  tbeni.  These  are  caUtd 
jpaWtat.  Smalt  rafters  ara  bid  from  parltn*  to  pvrlin ;  and 
•n  these  the  laths  £sr  tiles,  or  the  skirting-boarda  far 
dates,  are  nailed.  Hius  the  covering  does  not  imnwdi' 
ately  rest  on  the  principal  frames.  This  aHowa  saaMi 
more  liberty  in  their  canitniclion,  because  the  garaets 
aan  be  so  diTided  that  the  principal  rafters  shall  be  in  Ike 
partitions^  and  the  rest  left  unincumbered.  Tbb  con* 
ttraetion  is  so  far  analogous  to  tliat  of  floaca  wfaidi  are 
aonstntcttd  with  girders,  binding,  and  bri^png  joists. 

It  may  appear  presuming  ia  us  to  question  the  pro* 
poriety  of  tiiis  practice.  There  are  situatksw  in  which  it 
is  unavoidable,  as  in  the  roofs  af  churehet,  which  can  be 
allowed  to  rest  on  some  pillars.  In  other  sHaatiow^ 
where  partition  walk  interrene  at  a  dbtanca  nat  too 
gtfcat  for  a  stout  purlin,  no  principal  ladUm  are  neces^ 
•ary,  and  the  whola  may  be  roofed  with  short  raftcn  of 
aery  slender  scantling.  But  in  a  great  uaifoms  loof, 
which  hat  no  intermediate  suppmts,  it  reqaina  at  least 
aone  reasons  for  preferring  this  method  of  oaroasa  rooiny 
tft  the  simpler  method  of  leaking  all  the  rafters  alikt. 
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The  meftbod  of  carca«e>roofing  requires  th<9  selection  of 
the  greatest  logs  of  timber,  which  ^re  3eldoin  of  equal 
stoength  and  sQUndaess  with  thinner  rafters.    In  these 
the  outside  planks  can  be  taken  off,  and  the  best  p9Xt 
alone  worked  up.     It  ako  exposes  to  all  the  defects  of 
workmanship  in  the  mortising  of  purlins,  and  the  weal^ 
lehing  of  the  rafters  by  this  very  mortising ;  and  it  brings 
an :  additional  load  of  purlins  and  short  .rafters.    A  roof 
tiiua  constructed  may  surely  be- compared  with  a  floor  of 
•similar  construction.      Here  there  is  >  not  a  shadow;  of 
doubt,  that  if  the  girders  were  sawed  into  planks,  and 
.these  planks  laid  as  joists  sufficiently  near  for  carrying 
the  flooring .  boards,  they  will  have  the  same  strength  ^ 
before,  except  so  much  as  is  taken  out  of  tl^e  timber  hf 
the  saw.    This  will  not  amount  to  one* tenth  -part  of  the 
timber  in  the  binding,  bridging,  and  ceiling  joists,  whic^ 
are  an  additional  load ;  and  all  the  mortbes  and  other 
Joivii^  are  so  many  diminutions  of  the  strength  of  tl^e 
girders  i  and  as  no  part  of  a  carpenter^s  work  requires 
mooe  skill  i^id  accuracy  of  execution,  we  are  exposed  to 
many  chances  of  imperfection.    But,  not  to  rest  on  these 
oonsiderations^  however  reasonable  they  may  appear,  we 
shall ,  relate  an  experiment  made  by  one  on  whose  judg- 
ment and  exactness  we  can  depend. 

683.  Two  models  of  floors  were  made  18  inches  square 
of  the  finest  uniform  deal,  whic^  had  been  long  seasoned. 
The  one  consisted  of  simple  joists,  and  the  other  was 
framed  with  girders,  binding,  bridging,  and  ceiling  joists. 
The  plain  joists  of  the  one  contained  the  same  quantity 
of  timber  with  the  girders  alone  of  the  other,  and  both 
were  made  by  a  most  accurate  workman.  They  were 
placed  in  wooden  trunks  18  inches  square  within,  and 
fcsted  on  a  strong  projection  on  the  inside.  Small  shot 
was  gradually  poured  in  upon  the  floors,  so  as  to  spread 
uniformly  OTCr  them.  The  plain  joisted  floor  broke  down 
with  487.  pounds,  and  the  carcase  floor  wjitb  337.  The 
VOL,  X.  3  a 
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%M  tirt^t^  #it1i6ttt  giring  any  #ihiing ;  fl)fe  iskh^  gave 
k  tfoleht  ^tifk  y^hVn  ^9%  pounds  bAd  been  ^riA  in. 

A  tHiil  bad  Be^a  ttiade  MiTore,  and  the  ldad9  were  9il 
IttM  4199.  Bit  tbb  tiiod^h  Italrbg  been  nted^  I7  a  1^ 
dbeilrate  banU,  ft  ^a§  tiot  thought  a  Mr  itp^inim  <af 
ifce  ftren^b  WbtiA  Mt^hl  bie  giVefi  tb  «  btecttie  floor. 

Ifi  fa^ur  df  lh%  i:dtiipobiU!  fcbt^Mrbckloll  bt*  ^bbfii  U,  tlMt 
ihit  t^kih  method  wotiM  pixidt^onify  increase  th«  qWlii. 
\lt7  ot  ir^ki  i^ldadMt  bdltnl^  but  Ibng  tiiefb^r,  t^hleli 
'#duld  ^tiy  add  16  Ibe  e^ikhce,  hiM  wOuM  khake  tfe 
gbntti  a  Mbre  (liicket  bf  {^hiib.  We  Mmtt  1%U  4tt  ifc 
Ibll  fbi-i^e ;  but  ^'e  eimiWi  to  fte  df  tb4  H^tmn  tMt 
t^aid  rd^Ts  ktk  ^ikily  sh\^t6r  tn  ptiUitM  ^ireffgth,  atia 
^berkr(A«  ilAuM  Hfe  idtfpiei  M  %ai^s  ^h«r^(A^  gr^  diU 
le^lkjr  ti  to  inAfre  tbi^  rieceSiar^  icircuRMMtlc^. 

689.  it  WouM  b^ar  Vetjr  ne^fi^fnl  t^  ^t  Uta  A«- 
cduk  dirihe  rooTs  )[>at  6h  ^(^dAd  bdildihj^;  Butfb-as  dMMfek, 
tufMhi,  aWd  the  TAe.  Tlfey  bppe^riifr  Mi  ihb  lAd^  difll. 
euit  task^  !h  (he  ai4  of  cavpenVty.  But  iHe  diffiefarltjr  HKs 
€niiraf  (n  IKe  tedd^  Idf  frAMing,  or  wbat  fllf^  Ff<6beh  cM 
the  '^h2t!  ac  ehrrpcnitrii  The  vibW  Which  we  te%  takteg 
o^  the  Mrbjeet,  as  H  part  dT  hi^hbtifcid  ^dMce,  ^&s  tlltle 
connection  with  this.  \t  is  plain,  that  WhAlevfer  fo(rrt  df 
&  truss  is  ie^'dellent  in  a  Square  buttding  miAt  be  ^mWj 
so  a^  ode  of  the  framed  of  k  round  one  \  abd  tih^  oifty 
dMcdlty  1^  'lioW  tfo  hbnk^  their  mutual  IMerkectidas  at 
tlk  Xdf:  Sbme  of  tbera  must  be  dtscontlhudd  befofi^  VMy 
r^ch  IKM  lehgib,  and  cdn^moh  Sense  wffl  teach  ^  ^ 
cM  tTiera  klitik-t  alternately,  and  ilM^i  le&ve  as  niaoy, 
thkt  they  may  st^n^  equally  thick  as  at  Ihetr  HM  spring- 
SWg  from  fhe  basle  of  the  dodie.  T&uk  k^e  len^b  of  tfte 
purft^s  Which  reach  from  truss  D6  truliEs  WM  ^^ikv  be  Ido 
greW. 

The  ti\ith  is,  that  a  nyobd  building  whFch  gaAfeVs  tn 
at  top,  like  k  gla^oUse,  ^  pdtterildin,  or  is  4)&t  %«e^e, 
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HUMad  of  being  the  iDOEBtdifBuidt  tp  ere^  with  sUbUUy*$ 
is  of  ^  others  tb^  efisieit.  Notbiog  can  si^w  thb  mor^ 
fip^reiUy  thaq.dail/  practices  where  theyj^re  run  qp  with^ 
out  centres  and  without  acafibldin^s :  a^d  it  requiret 
groSis  blunders  indeed  in  the  choice  of  tjbeir  outline  to  pui 
Ihem  in  much  di^ogor  of  fall^pg  (rptf^,  fi  want  of  equili* 
bf iiim*  In  like  oti^iDert  a  domis  of  <;arffM>try  cw^  hardly 
fall^  ^v^  pt  wha(  B^ape  or  what  con^prikT^on  you  wil|i 
It  nxmmt  fall  unless  some  part  of  it  flias  out  at  the  bot- 
topA>  #1^  V09  hoc^  round  it,  or  straps  a(  the  joinings  of 
U^  trusf ei[  ^d  purjina^  which  make  an  e^ivalent  to  f^ 
hoop,  will  efiectuatly  secure  it.  And  as  -beauty  require^ 
ti^at  a  do;w  shall  .spring  almost  perpeodicularly  from  tbf 
ipralln  it  is  evident  that  there  is  hardly  any  thrust  to  fqc^ 
i^i  the  walls.  The  only  part  where  thi^  is  to  be  guard* 
«ed  agnin^t  4s>  where  the  iai^ent  is  inclined  about  40  or 
£0  4ftpe?B  to  the  horizon.  Hete  it  will  be  proper  tf 
snake  ^  lu^ur^e  of  firit^  horizontal  joinings. 

We  doobt  not  ia|u(  t^at  domes  of  carpentry  will  now  b? 
tailed  of  great  extent  The  old  Halle  au  Bled  at  Paris. 
;of  8UQ  feet  jn  diapaeter,;  was  the  inyentipn  of  an  intelli*' 
;gen|  carpenter,  the  Sieur  Moulineaii.  He  was  not  by  any 
meana  a  man  of  i|cieKu;i^»  but  had  tnuch  m^e  mechanjca) 
J^yio^Jedge  than  aiti^ps  usually  have*  and  was  cooviaced 
that  .a  fery  thin  shell  4»f  timber  migh)  not  only  be  99 
shaped  48  to,  be  neiMiy  in  equillbrioi  but  ^hat  if  hoope^ 
or  ifirmty  connactod  borizontallyt  it  wo\;|^d  have  all  the 
sliSo^sci  itb%t  was  niMaessary ;  ^nd  he  preseojied  his  prqjoqt 
.to  ibe  fliagistracy  of  Paris.  The  grandf qr  ^f  Jt  pleaa^ 
dnem,  bat  ih^y  dofvMed  of  its  poasibJiity;  ])eing  a  great 
^Wc  vforkf  ihej  prevailed  on  the  ^^cademy  of  Sciencep 
to  consider  it.  The  members,  who  were  competent 
judges,  were  instantly  8|ruck  with  the  justness  of  Mr 
Moulineau^s  principles,  and  were  astonished  that  a  thing  so 
|ilain  bad  liot  been  long  familiar  to  every  Lotise*caipehler. 
It  quickly  became  an  universal   topic  of  conversatioii. 
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dispute,  and  cahaly  in  the  polite  circles  of  Paris.  But  Urn 
Academy  having  given  a  very  favourable  report  of  their 
opinibn,  the  project  was  immediately  carried  into  execo- 
tion,  and  soon  completed,  and  now  stands  as  one  of  the. 
great  exhibitions  of  Paris  *. 

'  The  construction  of  thit  dome  is  the  simplest  thing 
that  can  be  imagined.  The  circular  ribs  which  compose 
it  consist  of  planks  nine  feet  long,  IS  inches  broad,  and 
three  inches  thick ;  and  each  rib  consists  of  three  of  these 
planks  bolted  together  in  such  a  manner  that  two  joints 
meet.  A  rib  is  begun,  for  instance,  with  a  plank  of 
three  feet  long  standrog  between  one  of  six  feet  and  ano* 
ther  of  nine,  and  this  ^  is  continued  to  the  head  of  it. 
No  machinery  was  necessary  for  carrying  up  sach  small 
pieces,  and  the  whole  went  up  like  a  piece  of  bricktayer'*s^ 
ivork.  At  various  distances  these  ribs  were  connected 
horizontally  by  purlins  and  iron  straps,  which  made  bo 
many  hoops  to  the  whole*  When  the  work  had  reached 
such  a  height,  that  the  distance  of  the  ribs  was  two-thirds 
of  the  original  distance,  every  third  rib  was  discontinnec^ 
and  the  space  was  left  open  and  glased.  When  carried 
so  much  higher  that  the  distance  of  the  ribs  is  one-third 
of  the  original  distance,  every  second  rib  (now  consisting 
of  two  ribs  very  near  each  other)  is  in  like  manner  dis- 
conttnned,  and  the  void  is  glazed.  A  little  abo^e  this 
the  heads  of  the  ribs  are  framed  into  a  circular  ring  of 
timber,  which  forms  a  wide  opening  in  the  middle ;  over 
which  is  a  glazed  canopy  or  umbrellai,  with  an  opening 
between  it  and  the  dome  for  allowing  the  heated  air  to 
get  out.  AU  who  have  seen  this  don^e  say,  that  it  is  the 
most  beautiful  and  magnificent  object  they  have  ever  be* 
held. 


*  Tbit  roof  bat  been  long  since  destroyedy  and  another  of  smaller  di- 
mensions hi^  been  erected  witii  ribs  of  iron,  covered  with  sheet  €op9«r<«. 
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The  only  diflScuItj  which  occurs  in  the  constirudion  of 
Wooden  domes  is,  when  thej  are  unequalljr  loaded,  by 
tarrjing  a  heary  lanthern  or  cupola  in  the  middle.  In 
such  a  case,  if  the  dome  were  a  mere  shelly  it  would  be 
crushed  in  at  the  top,  or  the  action  of 'the  wind  on  the 
^anthem  might  tear  it  out  of  its  place*  Such. a  dome 
must  therefore  consist  of  trussed  frames.  Mr  Price  has 
given  a  very  good  on^e  in  his  plate  OP,,  though  much 
stronger  in  the  trusses  than  there  was  any  occasion  for. 
This  causes  a  great  loss  of  room,  and  throws  the  lights 
of  the  lanthern  too  far  up.  It  is  evidently  copied  from 
Sir  Christopher  Wren's  dome  of  St  Paul's  church  in  Lon- 
don ;  a  model  of  propriety  ki  its  particular  situation,  but 
by  no  means  .a  general  model  of  a  wooden  dome.  It 
rests  on  the  brick  cone  within  it ;  and  Sir  Christopher 
has  very  ingeniously  made  use  of  it  for  stiffening  this 
cone,  as  any  intelligent  person  will  perceive  by  attending 
to  its  construction.    (See  Prkt^  Plate  OP). 

Fig.  27.  represents  a  dome  executed  in  the  Register 
Office  of  Edinburgh,  by  James  and  Robert  Adams,  and 
is  very  agreeable  to  mechanical  principles.  The  span  is 
60  feet  clear,  and  the  thickness  is  only  4^. 

584*.  We  cannot  quit  this  subject  without  taking  nome 
notice  of  what  we  have  already  spoken  of  with  commen- 
dation by  the  name  of  Norman  roofs.  We  called  them 
Norman^  because  they  were  frequently  executed  by  that 
people  soon  after  their  establishment  in  Italy  and  other 
parts  of  the  south  of  Europe,  and  became  the  prevailing 
taste  in  all  the  great  baronial  castles^  Their  architects 
were  rivals  to  the  Saracens  and  Moors,  who  about  that 
time  built  many  Christian  churches ;  and  the^rchitecture 
which  we  now  call  Gothic  seems  to  have  arisen  from  their 
joint  labours. 

The  principle  of  a  Norman  roof  is  extremely  simple. 
The  rafters  all  butted  on  joggled  king-posts  AF,  BG^ 
.CH,  &c.  (Fig.  88.),  and  braces  or  ties  were  then  dispos- 
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ed  in  tbe  ihtervatk.  In  iht  middle'  of  ih«  roof  if  B  and 
HD  are  erideQtljr  ties  ki  a  state  of  extension,  while  the 
l^est  CH  is  cotnpreased  by  tbem.  Towards  ih^  w«lh  on 
^itch  8fd6,  as  betweeB  B  and  F,  and  'between  Faiid  I., 
tbey  ftre  braces,  and  are  caoipressad.  The  eadsof  the 
posts  irere  generaUy  ornafttented  with  knots  of  flowen, 
embossed  globes,  and  the  like,  and  the  ivhole  texture  of 
the  truss  Was  e«hibifed  and  dressed  out. 

This  coostrudtion  admits  of  employing  t«ry  iliort 
timbers;  and  thh  very  circutYistance  gi^es  greater  e^pength 
to  the  tnisfi,  Wcaose  the  an^  wbieh  lAie  brace  or  tie 
itiftkes  with  tbe  rafler  is  more  open.  We  m^y  abo  per- 
ceive that  all  ffarusrt  may  be  laken  off  the  wa^ls.  If  'tiile 
pieces  AP,  BF,  LF,  be  removed,  alt  the  renaining  dia- 
gonal pieces  act  as  ties,  and  the  pieces  <Irteeted  to  the 
rentre  act  as  stmts ;  and  it  ihay  also  be  oliserved,  that 
the  principle  will  apply  equally  to  a  straight  or  flat  l^f, 
or  to  a  floor.  A  floor  such  hs  ah c^  haVing  the  joiiit  m 
two  pieces  a  i,  6  «»  with  a  strat  b  d,  and  two  ties,  will  re- 
quire a  much  greater  weight  to  break  it  than  if  it  had 
ft  coniinued  joist  a  c  of  the  same  scantling.  And,  lastly, 
a  piece  of  timber  acting  as  a  tie  is  much  stronger  than 
the  same  piece  acting  aa  a  strut :  for  in  the  latter  situa- 
tion it  is  exposed  lo  bending,  and  when  bent  it  is  much 
less  able  to  withstand  a  very  great  strain.  It  >iriust  b^ 
acknowledged,  however,  that  this  advantage  is  balanced 
by  the  great  inferiority  cf  the  joints  in  point  of  streiigth. 
The  joint  of  a  tie  depends  wholly  on  the  pin« ;  for  this 
reason  ties  are  never  used  in  heavy  worics  without  strap- 
ping the  joints  with  iron.  In  the  roofs  we  are  now  de- 
scribing, the  diagonal  pieces  of  the  middle  part  only  act 
purely  as  ties,  while  those  towards  the  sides  act  as  struts 
or  braces.  Indeed  they  are  seldom  of  so  very  simple 
construction  as  we  have  described,  and  are  more  gene- 
rally constructed  IHce  the  sketdi  in  Fig.  89.*  having  two 
nets  of  rafters  AB,  o  b,  and  the  angles  are  filled  up  with 
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thin  planks,  which  give  great  stiffness  and  strength.  They 
have  also  a  double  set  of  purlins,  which  connect  the 
different  trusses.  The  roof  being  thus  divided  into 
squares,  other  puriins  run  between  the  middle  points  E 
of  the  rafters.  The  rafter  is  supported  at  E  by  a  check 
put  between  it  and  the  under  rafter.  The  middle  point 
of  each  square  of  the  roof  is  supported  and  stiffened  by 
four  braces,  one  of  which  springs  from  e,  and  its  opposite 
from  the  similar  part  of  the  adjoining  truss.  The  other 
two  braces  spring  from  the  middle  piHats  of  the  lower 
purlins,*  whicli  go  horizontally  from  a  and  6  to  tne  next 
truss,  which  are  supported  by  planks  in  the  same  manner 
M  Ib^  r^ftfOTS.  By  ihk  qoritcivao^e  tba  iftiole  Iii^qiyKf 
^ffy  stiff  §»d  strong. 
^.  We  4)ap?  tbftt  J^be  r^^der  ifriH  got  b^  ^pM^n^ 

Vii^V  ^^  MvJAg  t^^p  sqipp  AQtke  of  wl^t  WAS  the  ffiis 

gf  (otur  Mo^itQrji,  and  icqniijACpted  a  gr^at  f^t/^f  thg  :%Arjr 
qS  tb^  jFwd  h^ih  ^ku9  the  Iknd$i  iwA^  m^vf^^  kh 

vassals,  and  displayed  his  magnificence.  The  in]^){ifl^ 
]af)C|hwip  VlU  99^  mjOtfi^^mammAs  m^  a|):iehq!|^ok 
fIL  Aese  Jt99f9  «4Ini^^  .l^if  AP^r«f|t  Mms  MekUi^ih  ^^ 

3pqD4^,M  .tkm  djujatiom  W^  baye  a^ph^  b^H  tf  67 
i^wli^i  ih^  roof  ^  whifth  wtus  ip  faw  diWOftSt  lilf^?  # 
JMrb  rwfj  ftod  the  triM$fs  were  abo^iri^fft^t  i^y^^^n. 

Tbj^  rWOje  ^ipgt^  rafters,  as  in  Fig.  ^P.  ^4  .^fiiT  Umpfh 
/90.B9  |irf»e  oaly  «igfH  inob^f  bjr  nix*  Xhe  KPfif  dppeAri^ 
j^fefitiy  fffpit«4>  and  bdd  Wp  ftendipg  tfier  mf^  iMp 

ff«»r  wall! 

)Myab  pf  vbat  (ha»  hsM  ^id.  pn  this  subject itPi^jr  b^ 
applied  t<»  ilif  c^pstciic^  of  ivFMdeiii  b^t(%»ft,  '#^4  ihp 
/^l|tni»  fof  twqiftg  tibe  acchea  ^f  aton^  bridges.  )..:.• 
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CONSTRUCriOiN  OF  ARCHES. 


686.  An  arch  is  an  artful  disposition  end  adjostment  of 
several  stones  or  bricks,  generally  in  a  boir-like  form,  bj- 
which  their  weight  produces  a  mutual  {Nressure  and  abut- 
ment ;  so  that  they  not  only  support  each  other,  and  per- 
form the  office  of  an  entire  lintel,  but  may  be  extended 
to  any  width,  and  made  to  carry  the  most  enormous 
weights. 

587.  The  pediment  of  the  Greeks  seems  to  have  sug- 
gested the  construction  of  the  arch.  In  erecting  their 
small  houses, .  they  could  hardly  fail  to  observe  occanoii- 
ally,  that  when  two  rafters  were  laid  together  from  the 
opposite  walls,  they  would,  by  leaning  on  each  other,  give 
mutual  support,  as  in  Fig.  1.  Plate  X.  Nor  is  it  unlikely 
that  such  a  situation  of  stones  as  is  represented  in  Fig.  2. 
would  not  unfrequently  occur  by  accident  to  masons. 
This  could  hardly  fail  of  exciting  a  little  att^tion  and 
reflection.  It  was  a  pretty  obvious  reflection,  that  the 
stones  A  and  C,  by  overhanging,  leaned  against  the  in- 
termediate stone  B,  and  gave  it  some  support,  and  that 
B  cannot  get  down  without  thrusting  aside  A  and  C,  or 
the  piers  which  support  them.  This  was  an  approach  to 
the  theory  of  an  arch ;  and  if  this  be  combined  with  the 
observation  of  Fig.  1.  we  get  the  disposition  represented 
in  Fig.  3.  having  a  perpendicular  joint  in  the  middle>  and 


.  the  princtpit  of  the  mth  in  comf^eted.  Observe  thiit  thtt 
is  qaite  diflferent  from  the  principle  of  the  arrangement,  in 
Fig.  2.  In  that  figure  the  stores  act  as  wedges^  and  one 
cannot  get  db#n  without  thrasting  the  rest  aside;  the 
same  principle  obtains  in  Fig.  4.  consisting  of  five  arch 
atdnes ;  but  in  Fig.  S.  the  stones  B  and  C  support  each 
other  by  their  mutual  pressure  (independent  of  their  own 
weight),  arising  from  the  tendency  of  each  lateral  pair 
to  fall  outwarils  from  the  pier.  This  is  the  principle  of 
the  arch,  and  would  8upp<H*t  the  keystone  of  Fig.  4.  al« 
though  each  of  its  joints  were  perpendicular,  by  reason  of 
jthe  great  friction  arising  from  the  horizontal  thrust  eX^ 
«rled  by  the  adjoining  stones. 

This  was  a  most  important  discovery  in  the  art  ,of 
building ;  for  now  a  buijding  of  any  width  may  be  jroofed 
vfith  stone. 

'  588.  We  are  disposed  to  girt  the  Greeks  the  merit  of 
this  discovery ;  for  we  observe  arches  in  the  most  ancient 
tmildings  of  Greece,  such  as  the  Temple  of  th)e  San  at 
Athens,  jetnd  of  Apollo  at  Didymos;  not  indeed  as  Proofs 
to.  any  apartment,  nor  as  parts  of  the  ornamental  design^ 
4>ut  concealed  in  the  walls,  covering  drains,  or  other  ne- 
cessary openings ;  and  we  have  not  found  any  real,  arches 
In  any  monuments  of  ancient  Persia  or  Egypt.  Sir  John 
Chardin  speaks  of  numerous  and  extensive  subterranean 
passages  at  Tchelminar,  built  of  the  most  exqirisite  ma*> 
sonry,  the  joints  so  exact,  and  the  stones  so  beautifully 
dressed,  that  they  look  like  one  pontinued  piece  of  po- 
lished marble :  but  he  nowhere  says  that  they  are  arched ; 
a  circumstance  which  we  think  he  would  not  have  omit* 
tedr— no  arched  door  or  window  is  to  be  seen*  Indeed 
one  of  the  tombs  is  said  to  be  arch-coofed,  but  it  is  all  of 
'one  solid  rock.  No  trace  of  an  arch  is  to  be. seen  in  the 
ruins  of  ancient  Egypt;  even  a  wide  room  is  covered 
with  a  single  block  of  stone.  In  the  pyramids,  indeed, 
there  are  two  galleries,  whose  roofs  consist  of  many 
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piecei ;  hvA  tbeir  ccoistnicUda  pufa  U  bf(fM4^  diiiuU  *tMt 
the  biiiUer  di^  not  kaow  wb«t  an  atxk  vvat:  for  it  it  c^ 
mved  in  tbe  manaer  repmeated  ia  Fig.  '£•  ^hiere  ^ye^ 
projecting  pieoeis  more  ikaa  balanced  beUnd,  so  (^bM 
the  whole  aukyard  arass  eoald  bave  stood  oi)  iWA  pittaaa* 
The  Oreel^  therefore  seem  entitled  to  the  boaoiir  of  ib% 
iavention.    The  ardied  donow,  hqwerar^  seons  to  bara 
arisen  in  Etniria,  and  origiaated  in  all  probabiUiy  frooi 
the  emplc^rmeat  of  the  augurs,  whose  business  it  was  to 
observe  the  flight  of  birds.    Their  stations  for  (his  pur* 
pose  were  iempkh  so  called  a  Impbndo,  <*  on  tbe  simuaita 
of  bitts.^    To  shelter  such  a  person  fcom  the  wentbss^ 
and  at  the  same  time  allow  him  ^  full  pKmpecjt  of  the 
ceuotry  around  bin,  no  building  was  so  pnoper  as.  a  dome 
set  on  oolyams;  which  accprdiaglj  b  the  figtire  of  a 
temple  in  the  most  ancient  monuments  of  that  eeunliy. 
We  do  not  rcooUect  a  barlding  of  tbas « fcisd  in  fireece 
except  that  called  tbe  LaniUn  of  X^aaastimes,  ^rhicji  la 
of  Teiy  late  date,  whereas  ^hey  abounded  in  Ilaljr.    lo 
4he  later  auinuments  and  coi^is  of  Italj  or  of  tLqmff  w^ 
oommenly  find  the  Etruscan  doipe  and  tbefired^n  temple 
oombined ;  and  tbe  famous  Pantheon  was  of  this  foni^ 
even  in  its  inost  ancient  state. 

669.  About  the  middle,  or  rather  towards  the  end  of  lait 

cantarj,  when  the  Newtonian  aaathematics  ppened  &» 

road  to  true  mechanical  science,  tfie  construdioo  ef  ^ccbl^ 

engrossed  the  attention  of  the  first  matbematkians.    Tb? 

iirft  lint  iff  a  pciaciple  that  we  hav^  met  .witjl  is  Or 

Hookers  assertion,  that  the  figure  ant«  wbicb  a  ctoia 

or  pope;   perfieotly   fleaihie,   iwili  arxaage  itself   ^W 

iittspeaded  from  two  books,  is,  when  inHeited»  tbe  flm- 

per  form   for   en  acch  composed  of  sl^nas  of  unifopp 

weight.     This  be  affirmefl  on  tbe  principle  ^at  tte  figw^ 

whieh  a  flexible  festoon  of  heavy  bodies  aasttipes>  wbm 

auspended  from  tjvo  points,  is,  wrbea  iOTertwJ,  «ie4>lW«5r 

form  for  an  arch  of  tbe  same  bodie9,  toucbiqg  ^h  9^tf 


'  t 
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in  tbe  %9im  foUlB ;  becmise  thti  fforeos  ti^HIi  vfiisfa  tiiejr 
mAtualljr  press  oqieocli  other  ia  tbjs  last  cas«,  ave'equnl' 
and  ^ippolite  ta  tke  foroes  mth  which  tbisyi  puU  at  each 
ether  in  the  ^tise  oi  raspen^kni. 

'  Tbis^priBbipIe  is  strictly  jil^t,  and  msfy  be  eKtcnded  (d 
enerjF  case  wh«oh  olm  lie  prdpoMid;  We  reeollect,«6aing  It 
proposed,  ift  very  general  ti^rms,  in  the  St  James^V 
^Qhronicie-  in  1 759,  when  plans  Were  forttiiJig  for  Black* 
frtar^s  Bridge  In  Lbndon  ;  and  since  It  is  pei4iaps  equal  in 
practical  nCHil^r,  40  fhe  most  elaborate  inTestigations  of 
tfa^  ^fnatfi^iMtidans,  our  readers  wUl  not  be  displeased  with 
a  m«re  pattfcula|-  account  i»f  it  in  this  place.  ' 

&M.  Le€  ABQ(Fig.  6.) be  a  pai^6l<^  magnets  ofan^'sisse 
and  iihap^,  atid'let  us  suppdse  tbat-tiiej  adblej^e  With  ^eat 
force  hj  any  pdiiits  of  contact  iTheywlH  compose  sued 
a 'flesiMe  feMoAMi  as  we  lmvt[  been  spealdng'of,  if  suspend* 
ed  from  the  poiilts  A  tftid  C,  If  this  figure  he  inr^Hed^ 
jH'eserving  the  same 'points  ^of  contact/ih^  will  remaiblil 
equiiibrio.  It  Wi41  indeed  be  lihat  kind  of  ^quiftbrium 
«(rhlch  will  adnnfit  of  no  distafrbanee,  and  w4ii<rh  may  hi 
called  a  fotfl^r^  efietlklMtim.  If  the  form  be  altered  in  ike 
smallest  degree,  by  varying  tbe-poiiits  of  eootact  (whl€^ 
indeed  are  points  in  ihe^g«irrtfo]rf^i/ti&rni^>,themagneta 
wiN  Ao'more  recover  Itieir  former  posHiori  t4»an  a  aeedte^ 
W%ioh  we  hadjuade  to  stand  on  its  point,  wHl  regain  Its 
-perpendicular  position  after  4t  has  beeh  distttrbed. 

^ut  if  We  supposepianes^ej-y^^AV,  6te.  drawn,  that 
the  poiilts  of'muttfal  (s6ntact  a,&,  c,  ^di  blsectirig  the 
angle  formed  by  the  lines  that  toitiellie  adjoining  eoti«> 
tacts  (/^,  for  example,  bisecting  'the  iirtgle  fbrtned  bjr 
d  S,  *b  cj,'  and  if  we  «ttppose  that  the  p|<y:es  are  changed  f<^ 
others  of  the -same  weights,  biit 'having 'flat -sides,  which 
meet  in  the  planes  dt^  fg^  \h%'hc.  it  is  evident  tha^t  w^ 
shatt  liave  an  arch  of  -equilibration,  and  that  the  areh  will 
have  some  stability,  or  #f}l  bear  a  little  ehange  of  fen«| 
without  fumbling  down :  for  it  is  plain  that  the  equiUbrium 
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of  tbe  onginal  festoon  obtained  only  in  the  pomtii  a,  i,  «, 
ofioontact,  where  the  pressures  were  perpendicalar  to  tlie 
touching  surfaces ;  therefore  if  the  curve  a,  6,  c,  still  passes 
through  the  touching  surfaces  perpendicularly,  the  condi- 
tions that  are  required  for  equilibrium  still  obtain.  The 
ease  is  quite  similar  to  that  of  the  stability  of  ^a  body 
ret>ting  on  a  horisontal  plane.  If  the  perpendicular 
through  the  centre  of  gravity  falls  within  the  base  of  the 
body,  it  will  not  only  stand,  but  will  r^uire  some  force 
to  push  it  over.  In  the  original  festoon,  if  a  small  weight 
be  added  in  any  part,  it  will  lehange  the  form  of  the  curve 
of  equilibration  a  little,  by  changing  the  points  of  mutual 
contact  This  new  curve  will  .gradually  separate  from  the 
former  curve  as  it  recedes  from  A  or  C.  In  like  manner, 
when  the  festoon  is  set  yp  as  an  arch,  if  fi  small  weight  be 
laid  on  any  part  of  it,  it  will  bring  the  whole  to  the 
ground,  because  the  shifting  of  the  points  of  contact  will 
|be  just  the  contrary  to  what  it  should  be  to  suit  the  new 
curve  of  equilibration.  But  if  the  same  weight  be  laid  on 
the  same  part  of  the  arch  now  constructed  with  flat  joints, 
it  will  be  sustained,  if  the  new  curve  of  equilibration  still 
passes  through  the  touching  surfaces. 

These  conclusions,  which  are  very  obviously  dedocible 
from  the  principle  of  the  festoon,  shew  us,  without  any 
further  discussion,  that  the  longer  the  joints  are,  tbe 
greater  will  be  the  stability  of  the  arch,  or  that  it  will  re- 
quire a  greater  force  to  break  it  down.  Therefore  it  is 
of  the  greatest  importance  to  have  the  arch  stones  as  long 
as  economy  will  permit ;  a^d  this  was  the  great  use  of  the 
ribs  and  other  apparent  ornaments  in  the  Gothic  architec- 
-ture.  The  great  projections  of  those  ribs  augmented  their 
atitfmess,  and  enabled  them  to  support  the  unadorned  co- 
partments  of  the  ropf^  composed  of  very  small  stones, 
seldom  above  six  inches  thick.  Many  old  bridges  are 
still  remaining,  which  are  strengthened  in  Uie  same  way 
by  ribs. 
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HAtiBl;  tKifs  explained,  in  a  very  familiar  manner, 
the  stability  of -an  arch,- we  proceed  to  give  the  same 
popular  account  df  4he  general  application  of  the  principled 

691.  Suppose  it  to  be  required  ta  ascertain  the  form  of 
an  arch  which  shM  have  the  span  AJB  (Fig.  7.),  and  the 
*beight  F  8,  and  wlHCh  shall  have  a-  road-way  of  the  di- 
mensions CDE  above^lt.  Let  the  figure  ACDEB  be  in- 
serted, so  as  to  form  a  figure  AcdeH.  Let  a  chain  of 
uniform  thickness  be  suspended  fn>m  the  points  A  and  B, 
'  and  let  it  be  of  such  a  length  that  its  lower  point  wiU 
hang  at,  or  rathei*  a  little  below  /,  corresponding  to  F. 
Divide  AB  into  a  number  of  equal  parts,  in  the  points  1» 
8,  3,  &c.  and  draw  vertical  lines,  cutting  the  chain  in  the 
corresponding  points  1,  2,  3,  &c.  Now  take  pieces  of 
another  chain,  and  hang  them  on  at  the  points  1',  2,  3, 
kc.  of  the  ^heAn  A/fi«  This  will  alter  the  form  of  the 
curve.  Cut  dr  trim*  these  pieces  of  chains  till  their  tower 
ends  ail  coincide  with  the  inverted  ^oad-way  ede.  The 
greater  lengths  that  are  hung  on  in  the  vicinity  of  A  and 
B  will  pull  down  these  points  of  the  chain,  and  cause  th^ 
middle  point/ (which  is  less  loaded)  to  rise  a  little,  and 
will  bring  it  near  to  its  proper  height. 

It  is  plain  that  this  process  will  produce  an  arch  of  perfe<ft 
equilibration;  but  some  farther  considerations  are  necessary 
for  niaking  it  esaetly suit  our  purpose.  It  is  an  arch  of  equi- 
libration for  a  bridge,  that  is  so  loaded  that  the  weight  of  the 
arch  stones  is  to  the  weight  of  the  matter  with  which  the 
haunches  and  crown  are  loaded,  as  the  weight  of  the  chain 
A/ B  is  to  the  sum  of  the  weights  of  all  the  little  bits  of 
chain  very  nearly.  But  this  proportion  is  not  known  be- 
forehand; we  must  therefore  proceed  in  the  following 
manner :  Adapt  to  the  curve  produced  in  this  way  a  thick* 
ness  of  the  arch  stones  as  great  as  are  thought  sufficient  to 
iusure  stability ;  then  compute  the  weight  of  the  ai^ 
ftOQes,  and  the  weight  of  the  gravel  or  rubbish  with  which 
the  haunches  are  to  be  filled  up  to  the  road^way.    If  tha 


#89  ^^  THE  G9N5tBU€;TI0K 

pFoporiioQ  €ff  .those  iw9  weights  b«  ibe  9^mfi  With  the  pro- 
j^ortion  pf  the  vf^^ightt  af  chaip,  we  11197  ^^  satisfied  witk 
tliei^fYO  >)^^  (pund.i  hu^  if  differeo^  we  fan  easily  cal- 
CuWte.faow  pnifb  nu^st  be  addifd  equally  to^  or  taken  from, 
ea^th.  appended  bit  q(  chf^iO)  in  ^rder  t^.  mak^  th^  two  pro* 
port^Ofs  ^Hal.  QariruDg  ^Itficd  l^be.^pp^od^  p^oeb  ac!- 
oardiagigrt  we  sl^aH  get  a  aeif  curvey  whipfa  tofxy  p^rbafy 
require  a^very  smplt  tfinimii^  at*  ih^  bit>  of.  chwk  to  n^ 
tbem^  fi^  the  road-ivaf »  This  curve  w|ll  b^  m6t^iVe)y  nm 
to  the.  cuf  ve  wa^t€^,   . 

\V& l^^o  practised  tbiaaiethod|or. an. 4f Ml  of  60  (e^ 
.i|}ai|  and  1^1  feet  height^  tb?  artbatoaea  of  whjcb  weqe 
011I7  (wo  feet  nine  iocbes  Iwg-t  It  W/af.M>  b^  lo^d^  wUk 
^avel  l^ad  shivers.  .  We  ipa(de  a  jfrei4^[liii  cw^f^/bHiotii^ 
th?  suppositbion  t\^ai  tb^  airch  was:to.b(^.n^ArJi]r  eHifltiiwl. 
.The.  diat^uQce  betweep  (he.  points  1,  )?j^  9^  («:«  w^ne  ludjuit- 
led^  i{oMlo  det^toil^  tbe  proporlion  of  the  weighlf  of 
chain  f^eeable  to  tb^  tuppositiqiv  The  ourve  differed 
.coQsiderftbly  Sr^m  4^1  eUipte)  tt^i^f  9t  c^uAderaMe  ^gle 
with  tiie  vertioala  ^t  ,lbe  spring  of  tbf  avefe^  The  rH\ 
pr^portipn  of  ttiQ  yve!^bt4  t)f  cbaiu,  Yvben  ril  wM  tfi^mied 
so  as  to  suit  the  road- way,  was  eou^doraUy  different  ttim 
whatwasexpeeted.  itwoMdjii6(ed<*  Th€^a4htsititieutf4ade 
yety  little  change  in  the  curves  It  wo(kU  tipt  have  chang- 
ed if,  two  inches  in  any  part  ^f  the  r^ci^  arch^i  When  the 
.process  was  completed^  we  constructed  tbe  curve  maih^ 
lofitically.  It  did  not  differ  seta^hly  frem  tbia^nechaliioal 
construction.  This,  was  very  agreeable  ii|f<u-oiati6a  \  f4r 
it  ahowed  us  that  the  first  curvcw  formeil  by  about  two 
hours  labDUTi  OH  fi  supposition  cooaiderably  4ifierontfrop 
the  truth,  would  have  been  auffipiently  exaet  forikepur- 
p0)se»  being  Jn  no  plaoe  three  inchj^s  from  the  aoeurate 
C^rve,  aoid  therefore  far  witb«i  the  joii>ts  of  the  intended 
arc^  stones.  Therefore  this  process,  Wbi^k  «|iy  iateUigeat 
inipoi|>  though  ignorant  of  natheiMtioiil  9cienoe»  omy  go 


tfarblqfti  friOk  IllMt  trouble,  will  give  a  very  pr6per  finris 

f(Mr  ah  arch  rabfect  06  ieiiij  odnditioiw;  ';  ^ 

tfifiSi  The  chit f  defect  of  the  eurve  (btind  in  thiii  waj  .w 

'  -m  want  «F  ettgaoce^  hecause  it  does  tiot  spring  at  right 

mgka  to  thh  hbriaontiil  Une ;  bnt  this  is  the  caife  wilfa  all 

eUlrves  of  e^uilibnitiliB^  as  We  ahdkH  see  kj  atid.bjr;    It  ia 

-«ot  mntarial :  for^  in  the  rety  neigUKnirhood  of  the  pier% 

.#eUa7  girfe  it  knj  fdrm  we  pleitte,  because  the  faihsdnry^ 

ui  «oIid  ia  that,  place ;  najr,  we  apprehend  that  h  deviaiiMi 

Shm  tht  eunre  of  ^inlib]!att0&  is  proper.  .  The  eoilstnili)* 

.tion  bf  AA  rAvie  kmppoaes  thkt  the  pkressurrdaeveary  peat 

of  tbe  iarch  is  vektical ;  hot  gMvel,  earthv  s^*  ioftbisb, 

.eilwt  sdmawhat  of  a  hgrflibttalical  preseii^i  lateiraliyin  the 

,hktdf  ietiUng,  tad  tetoib  it  afterwnriils^    This  ^l\  ^ 

•  quire  soma  nlore  canratare  at  the  Blmnchca  tf  ah  akvh  tb 
•halknc*  it;  hbt  What  Sbii  lAtertA  pnssiire  nai^  bes  tealmot 
-km  deditead  with  coafidenlee  from  any  e^eriments  that 

•  we  have  setsL  -We  are  kidUnfad  to  thmk  tiiat  U,  insteatf 
vt  dividing  thb  horiiaorital  Wne  AB  in  the  poidts  1^  1^  3, 
fee.  we  divide  the  chain  itself  into  eqaal  paits,  the  carv^ 

•  #ill  api^riMeh  nbarir  ta  Ae  proper  fona4     . 

M9.  Afte^thif  latniiiar iteteiiielit of  tiiegeneralprinciple, 

'  ii  is  tiow  tine  to'Cbnsider  the  tbeoiy  foaaddd  on  it  move 

.  hi  delMl.    This  thieory  ahn^^at  anch  iMi  adju^ttntenl  of  the 

floaition  bf  the  hreh  atonei  to  the  load  o»  e?ery  part  of 

the  arch,  that  all  shall  remain  in  equilibrio,  although  ike 

r  joints  be  pei*feefly  poliihed,  aikd  without  any  cement. 

The  #hole  asay  be  reducted  to  two  problems.'   The  (kht 

is  to  diitennine  the  vertical  pressure  ob  load  oa  eVei^y 

poiht  of  a  liats  tif  a  givck  fMrm,  whidi  #ill  put  that  line 

.  ia 'equilibria    The  second  is.  to  dotennine'  the  fdrm  of  a 

.  eorvte  whieh  aiiail  tie  in  eqaiiibrib  when  loaded  in  Us  dvf- 

fertmt  fpointa^  vccorJin^  tf6  any  giv eik  law. 

The  wliole  thedry  is  deduevhie  frotep.  582  of  the  tt* 
tide  R6bi^  Tiie  AiAdameAtal  fADposition  in  tfalit  pa{ge 
atates  the  proportions  haikietk  Hbe  t«riou9  pressak«s  or 
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tlinistB  which  are  exerted  at  the  angles  of  an  'assemUage 
of  beams  or  other  pieces  of  solid  heavj  matter,  freelj 
moveable  about  those  angles,  as  to  raahj  joints,  but  re* 
taming  their  position  by  the  equilibrium  of  those  pre^ 
tures.      It  is  there  demonstrated,  <*  that  the  thmst  «t 
ianj  angle,  if  estimated  in  a  horizontal  direction,  is  the 
same  throughout,  and  may  be  represented  by  any  hori- 
zontal line  BT,  Fig.  8.  (Hoofs,  Fig.   10.  Plate   IX.); 
•nd  that  if  a  vertical  Ibe  QTS  be  drawn  through  T,  the 
thrust  exerted  at  any  angle  D  by  the  piece  CD,  in  ils 
own  direction,  will  then  be.  represented  by  BR,  drawn 
parallel  to  CD ;  and  in  like  manner,  that  the  thrust  in 
the  direction  ED  is  represented  by  BS,  be. ;  and,  lastly, 
that  the  vertical  thrusts  or  loads,,  at  each  angle  B,  C,  D» 
by  which  all  these  other  pressures  are  excited,  are  repra- 
sented  by  the  portions  QC,  CR,  RS,  of  the  vertical  in- 
tercepted by  those  lines ;  that  is,  all  these'  presBures  aue 
to  the  uniform  horizontal  thrust  as  the  lines  which  re- 
pr^eiit  them  are  to  BT.     The  horizontal  thrust,  there- 
fore,  is  a  very  proper  unit,  with  which  we  may  compare 
all  the  others.     Its  magnitude  is  easily  deduced  from  tlie 
saiiie  proposition ;  for  QS  is  the  sum  of  all  the  vertical 
pressures  of  the  angles,  and  therefore  represents  the 
weight  of  the  whole  assemblage.     Therefore  as  QS  is  to 
BT,  so  is  the  weight  of  the  whole  to  the  horizontal 
thrust. 

d94'»  To  accommodate  this  theory  to  the' construction 
of  a  curvilineal  arch  vault,  let  us  first  suppose  the  vault 
.  to  be  polygonal,  composed  of  the  cords  of  the  elementary 
arches.  Let  AVE  (Fig.  9.)  be  a  curvilineal  arch,  of 
which  V  is  the  vertex,  and  VX  the  vertical  axis,  which^ 
we  shall  consider  as  the  axis  or  abscissa  of  the  curve, 
while  any  horizontal  line,  such  as  HE,  u  an  ordinate  to 
the  curve.  About  any  point  C  of  the  curve  as  a  centre 
describe  a  circle  BLD,  cutting  the  curve  in  B  and  D^ 
Draw  the  equal  conk  CB,  CD.    Draw  also  the  horiaoiH 
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tal  line  CP,  cutting  tlb^  drcU  in  F.  '  Describe  ft  ciitste 
BCDQ  fMissiag  tbrcmgii  B^  C,  D/  Ite  ee^tte  O  will  lie  itt 
a  Ibt  COQ,  which  faiieeu  the  angle  QCD^  and  Cc^ 
which  touches  this  circle  in  C,  will  bisect  the  angle  bCdf 
formed  by  the  equal  chbrds  BC^  CD.  Draw  CLP  perpen- 
diciilar  %ocb  and  DP  perpeniUcular  to  CD  meeting  CL 
in  R  Through  L  draw  the  tangent  OLM ,  meiBtii^  CD 
in  G,  and  the  vertical  line  CM  in  M.  Praw  the  tangent 
P  a,  cutting  the  ehoids  BC,  CD»  in  i  and  d»  aad  th|3  tai^ 
gent  to  tbe  circle  BCDQ  in  c.  Xnatljr,  draw  d  N  paiatlei 
taBC. 

Frpm  what  19  demonstrated  in  the  nrtkit  Boqt,  it 
appears^  that  if  BC,  CD,  be  two  pieces  of  itti  equi« 
tibr^fted  heavy  polygon^  and  if  CF  represent  the  ho- 
riaoKital  thrii^t  in  every  nngie  of  thh  polygotn»  G  i  and 
Cb  will  severally  represent  the  tbmsta  exacted  by  th^ 
pie<;es  DC^  BC,  and  thet  bd,  or  CN,  will  represent  thd 
weight  ^ing  on  the  iHgle  BCD^  by  whidi  thoee  thrustn 
are  balanced.  ' 

Produce  d  C  to  )9»  at  that  C  0  tliay  b«  e^l  tb  C  dL 
Draw  ft  a  to  the  vertical  parallel  to  d  B^  and  join  n  o« 
It  is  evideht  that  6  |i  lo  C  is  a  paraIlelogram«  and  that 
aC(  =  ftd)=: CN.  Now  the  thmst  qr  support  of  the 
piece  BC  b  exerted  in  the  direction  C  b,  while  that  q( 
DC  is  exerted  in  the  direction  C  o.  The$e  two  thrusta 
are  equivalent  to  the  thrust  io  the  diagonal  C  a ;  and  it 
is  with  this  compound  thrust  that  the  load  cnt  vertical 
pressure  CN  is  in  tmanedtaie  equilibrium^ 
.  595.  Because  b  CL,  NCF^  are  right  angles,  and  FCL 
is  common  to  both,  the  angles  b  CF  and  MCL  are  equah 
Therefore  the  right  angled  triangles  iCF  and  MCL 
are  similar.  And  since  CF  is  equal  to  CL,  C  i  is  equal  to 
CM.  It  is  evident  that  the  triangli^s  GCM  and  d  CN  are 
similar.      Therefore  CG  :  C  d  =  CM  :  CN,  =  C  6  :  CN, 

C*  h  ^  C*  tf 

Therefore  we  have  CN  =  —~-^-^:    But  because  CDP 

VOL.  ii  2  R 
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and  CLG  are  right*  angles^  aad  Uierefore  equal,  and  the 
angle  GCP  is  common  to  the  two  triangles  GCL,  PCD# 
and  CD  is  equal  to  CL,  we  have  CG  equal  to  CF« 

Therefore  CN  =  — ^^ — .    Also,  since  CDP  is  a  right 


angle,  DP  meets  the  diameter  in  Q,  the  opposite  point 
of  the  drcumference,  and  the  angle  DQC  is  equal  to 
DC  c,  or  c  C  6  (because  ft  C  d  is  bisected  67  the  tan* 
gent),  that  is,  to  PCQ  (because  the  right  angles  b  CP^ 
c  CO  are  equal,  and  e  DP  is  common).  Therefore  PQ 
is  equal  to  PC;  and  if  PO  be  drawn  perpendkrular 
to  CQt  it  will  bise^  it,  and  O  is  the  centre  of  the  circle 
BCDQB. 

Now  let  the  points  B  and  D  continually  approach  to 
C  (bj  diminishing  the  radius  of  the  small  circle)  and  id- 
timatelj  coincide  with  it  It  is  evident  that  the  circle 
BCDQ  is  ultimatelj  the  equicurve  circle,  and  that  PC 
ultimately  coincides  with  OC,  the  radius  of  curvature. 
Also  CbxCd  becomes  immediately  equal  to  C  c'.  There- 
fere  CN,  the  vertical  load  on  any  point  of  a  curve  of  equi- 

libration  b  =   ■      ^  ^ 

Rad.  Curv. 

It  is  farther  evident,  that  CF  is  to  Ce  as  radius  to  the 

secant  of  the  elevation  of  the  tangent  above  the  horizon. 

Therefore  we  have  the  load  on  any  point  of  the  curve  al* 

_,.      ,       Sec.*Elev. 
ways  proportional  to  g;^^-^-— 

This  load  on  every  elementary  arch  of  the  wall  i» 
commonly  a  quantity  of  soKd  matter  incumbent  on  that 
element  of  the  curve,  and  pressing  if  vertically ;  and  it 
may  be  conceived  as  made  op  of  a  number  of  heavy  lines 
standing  vertically  on  it.  Thus,  if  the  element  E  e  of  the 
curve  were  lying  horizontally,  a  little  parallelogrant 
R£  e  r,  standing  perpendicularly  on  it,  would  represent 
Ufl  load.    But  as  this  element  E  e  has  a  sloping  position. 


OF  MUOBES.  0i1 

it  n  plain  that,  in  order  to  have  the  same  qnantiij  of 

heavy  matter  premng  it  verticallyi  the  height  of  the  pa* 

rallelogram  must-  be  increased  till  it  meets  in  i^  the  line 

R  t  drawn  parallel  to  the  tangent  EG.    It  is  evident  that 

the  angle  RE  f  is  equal  to  the  angle  AEG.    Therefore 

we  have  £R  :  E  ^  =  Rad;  2  Sec.  Elev. 

If  therefore  the  arch  is  kept  in  equilibrio  by  the  ver« 

tical  pressure  of  a  wall^  we  must  have  the  height  of  the 

Sii;.'  Elev. 
wall  above  any  point  proportional  to  ^      *  ^  - — ^ 

596.  Coa.  I.     If  OS  be  drawn  perpendicular  to  th^ 

vertical  CS,  CS  will  be  half  the  vertical  cdord  of  the  equi- 

curve  circle.     The  angle  OCS  is  equal  to  cCF|  that  is, 

to  the  angle    of   eleyation.      Therefore  1  :  Sec.  Elev. 

=;  C5  :  C0»  and  the  secant  of  eleyation  may  be  expressed 

CO  CO' 

by  -r;^,  and  its  cube  by  ~^-     Thcrefdre    the    height 

an' 

CO*  CO* 

df  wall  is  proportional  to  ^^^^—^—,  or  to  -^—i    or 

fcb^  ^ep>  of  Elev. 

"CS*  X  CS  •  ^"^     Vert.  Chord  ofoirv. 

CoR.  XL  If  we  make  the  arch  VC  ==  m,  the  abscissa 
VH  =  «» the  ordinate  HC  =  ^,  the  fadius  osculi  CO  =  r» 
and  the  ^  vertical  chord  CS  =  «,  the  height  of  wall  pres- 

sing  on  any  point  is  propcMidnal  to.^;-or  to  -;-,     or 

— T  Y  ,.,    Therefore^  whe^  the  equation  of  the  curvd 

is  given,  and  the  height  of  wall  on  any  one  point  of  it  is 
also  given,  we  can  determine  it  for  any  other  point :  for 
the  equation  of  the  curve  will  always  give  us  the  relation 
of  z, «,  and^,  and  the  value  of  r  or  9.  This  may  be  il- 
lustrated by  an  example  or  two.  For  this  purpose  it  will 
generally  be  most  convenient  to  assume  the  height  above 
the  vertex  V  for  the  unit  of  computation.    The  thickness 
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of  the  arch  at  the  crown  is  eommonly  determined  b^  other 
circunistaillcefl.  At  the  vertex  the  tangoit  to  the  arch 
is  horizontal,  and  therefore  the  cube  of  the  secant  is  nnity 
or  I.  Call  the  height  of  wall,  at  the  crown,  H,  and  lei 
the  radins  of  curvature  in'  that  point  be  R,  and  its 
half  chord  R  (it  beit»g  then  coincident  with  the  radius^ 
and   the    height    on   any    other    point  k.     We    have 

±:  ^  =H:*,andA  =  Hxflx5l.     Theotherfor- 

R    y^r  y9      r 

mula  gives  A  =  H  x  -r-  X  — • 

597.  Examp.  1.  Suppose  the  arch  to  be  a  segment  ofm 
eirclo,  as  in  Fig.  10.  trhere  AE  is  the  diameter,  and  O 
the  centre.     In  this  arch  the  curvature  b  the  sa^me 

R  z^ 

throughout,  or  —  =  i.     Therefore  A  =  H  x  -r-,     or 

=;  H  X  Cuba  9ec.  Elev. 

This  gives  a  very  simple  calculus.  To  the  logarithm 
of  H  add  thrice  the  logarithm  of  the  secant  of  elevation. 
The  sum  is  the  logarithm  of  A. 

It  gives  also  a  very  simple  construction.  Draw  the 
vertical  CS,  cutting  the  horisontal  diameter  in  S.  Draw 
ST,  cutting  the  radius  OC  perpendicularly  in  T.  Draw 
the  horizontal  line  T  s,  cutting  the  vertical  in  s.  Joi^i 
z  O.  Make  Cm  =  V  t),  and  draw  u  x  parallel  to  z  O^ 
C  e  must  be  made  =  C  «.  The  demonstration  is  evi« 
dent. 

It  is  very  easy  to  see  that  if  CV  is  an  arch  of  60^^  and 
V  t>  is  j^^th  of  VC,  the  points  v  and  c  will  be  on  a  level ; 
for  the  secant  of  CV  is  twice  CO,  and  therefore  C  ch  B 
times  V  Dj  which  is  <f th  of  VH. 

The  line  vgcf  is  drawn  according  to  this  calcu- 
lus or  construction.  It  falls  considerably  below  the 
horizontal  line  in  the  neighbourhood  of  c ;  and'  then^ 
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jpasskig  very  obliquely  through  c,  it  ri^ea  rapidly  to  an 
UDineasurable  height,  because  the  vertical  line  through  A 
is  its  assymptote.  This  must  evidently  be  the  case  with 
every  curve  which  springs  at  right  angles  with  a  horizon- 
tal line. 

It  is  plain  that  if  o  V  be  greater,  all  the  other  ordinates 
of  the  curve  v  g  cf^  resting  on  the  circumference  AVE, 
will  be  greater  in  the  same  proportion,  and  the  curve  will 
cut  the  horizontal  line  drawn  through  v  in  jome  poiltC 
oeaper  to  o  than  c  is.  Hence  it  appears  that  a  circular 
arch  cannot  be  put  in  equitibrio  by  building  on  it  up  to  a 
horiaontal  line,  whatever  be  its  span,  or  whatever  be  the 
khiekness  at  the  crown.  We  have  seen  that  when  this 
thickness  is  only  ^^  of  the  radius,  an  arch  of  190  degreai 
will  be  too  much  loaded  at  the  flanks.  This  thickness  h 
tnach  too  small  1^  a  bridge,  being  oojy  ^\  of  the  span 
£H,  whereas  it  should  have  been  alMiOst  double  of  this,  to 
bear  the  inequalities  of  weight  l^at  may  ootasibnally  be  on 
it  When  the  crown  is  made  sttti  thih|ier,  the  oullitte  is 
still  more  depressed  before  it  rises  again.  There  is  there- 
fore a  certain  span,  with  a  corresponding  thickness  at  the 
crown,  which  will  deviate  least  of  all  fron[i  a  horizontal 
line.  This  is  an  arch  of  about  54  degrees,  the  thickness 
at  the  crOwn  being  about  one-fourth  of  the  spaA,  W;htch 
is  extravagantly  great.  It  appears  in  general,  thereforcf, 
that  the  circle  is  not  a  curve  suited  to  the  purposes  of  a 
bridge  or  an  arcade,  which  requires  an  outline  nearly 
horizontal. 

Examp,  2.  Let  the  curve  be  a  parabola  AVE  (Fig.  11.), 
of  which  V  is  the  vertex,  and  DG  the  directrix.  Draw 
the  diameters  DCF,  GVN,  the  tangents  CK,  VP,  and 
the  ordinates  VF  and  ^N.  It  is  well  known  that  GV 
is  to  DC  as  VP»  to  CKS  or  as  CN«  to  CK«.    Also 

8  6V  is  the  radius  of  the  osculating  circle  at '  V,  and 

9  1X7  is  one-half  of  the  vertical  chord  of  the  osculating 
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circle  at  C.    Therefore  CN«  :  CK«  (or  y^  :  £»)  =  R  r  », 
und  s  =  — R.    But  C  c,  or  A  =  H  X  -r-^-    Therefore 

i  =  Hxii^-,  =  H  X  ^,  =  H.      Therefore 

It  follows  from  this  inTestigation,  that  the  back  or  ex- 
trados  of  a  parabolic  arch  of  eqailibration  must  be  parallel 
to  the  arch  or  soffit  itself;  or  that  the  thickness  of  the 
arch,  estimated  in  a  vertical  direction,  must  be  equal 
throughout;  or  that  the  extrados  is  the  same  |iarabola 
with  the  soffit  or  intrados. 

We  have  selected  these  two  examples  merelj  for  the 
simplicity  and  perspicuity  of  the  solutions,  which  have 
been  effected  by  means  of  dementary  geometiy  cuily, 
instead  of  employing  tl^e  analytical  y«lue  of  the  radiiis 

m 

of  the  osculatory  circle  viz.  -r-n rrrr^  which    would 

yx^xy 

have  involved  us  at  least  in  the  elements  of  second 
fluxions.  We  have  also  preferred  simplicity  to  elegancy 
in  the  investigation,  because  we  wish  to  instruct  the  pracr 
tical  engineer,  who  may  not  be  a  proficient  in  the  higher 
mathematics. 

597.  The  converse  of  the  problem,  namely,  to  find  th^^ 
i^rm  of  the  arch  when  the  figure  of  the  hiack  of  it  is 
given,  is  the  most  useful  question  of  the  two,  at  least  i(r 
cases  which  are  most  important  and  most  difficult.  Of 
these  perhi^  bridges  are  the  chief.  Here  the  necessity 
of  a  road-way,  of  ea3y  and  regular  ascent,  confines  u:i 
to  an  outline  nearly  horizontal,  to  which  the  curve  of 
the  arch  must  be  adapted.    Thi^  is  the  most  difficult 
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problem  of  the  two ;  and  we  doabt  whetber  it  can  be 
solved  without  employing  infinite  approximating  sexieses 
instead  of  accurate  values. 

%  Let  av  e  (Fig.  18.)  be  the  intended  outline  or  extrados 
of  the  arch  AVE,  and  let  o  Q  be  the  common  axis  of 
both  curves.  From  e  and  C,  the  correspcmding  points, 
draw  the  ordinates  c  A,  CH.  Let  the  thickness  v  V  at 
the  top  be  a,  the  abscissa  t?  A  be  =:  «,  and  VH  =  oc^  and 
let  the  equal  ordinates  c  h,  CH  be  y,  and  the  arch  VC 
be^. 

Then,  by  the  general  theorem,  c  C  = •  r  being 

ihendius  of  curvature.   .This,  by  the  common  rules,  Js 


•    •  • 


z' 


Thb  ^Te»  118  c  C  :?  ^-^ — ^^»  9^ 


y 


•       ••  •     •  • 

_y  X  —  xy    j^  iC;  where  C  U  a  constant -quantity, 

found  by  faking  the  real  value  of  c  C  in  V,  the  vertex  <jS 

the  curve.    Bu(  it  is  evident  that  it  is  also  =  a  x  «  *—  «• 

'    •    ••       •  •  •  . 

mi     jf  ^^1^      %j     mj  (^ 

Therefcnre  d  +  *  —  «j  =^^— : X  C  =  -;-  x  fluxion 


X 

of- 


y'  ,    y 


If  we  now  substitute  the  true  value  of  u  (which  is 
given,  because  the  extrados  is  supposed  to  be  of  a  known 
form),  expressed  in  terms  of  ^,  the  resulting  equation 
will  contain  nothing  but  x  and  y^  with  their  first  and 
second  fluxions,  and  known  quantities.  From  this  equ^ 
'  tion  the  relation  of  x  and  y  must  be  found  by  such  me- 
thods as  seem  best  adapted  to  the  equation  of'the  ex- 
trados. 

Fortunately  the  process  is  more  simple  and  easy  in  the 
most  common  and  useful  case  than  we  should  expect 
irom  this  general  rule.    .We  mean  the  case  where  th^ 
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cjrtndos  is  «  4tni^  Uney  ^s^eoially  when  this  Ib  bon^ 
switoL    Ifl  tUs  €Me  «  IB  eqa«i  to  o. 

Exampk.  To  find  the  form  of  Uie  balanced  arch, 
AVE  <Fig^  i&),  hAvJUiv  tbe  borizofttal  lit^e  c  o  for  iu 
Wttfadoi. 

Kecfik^  tke  aame  noUtioni  'we  have  k  s=  Oj  and  there* 

C  i 

fbie  a  +  «  *=  rr  K  fluxion  of -7-. 

X  X  C  m 

Assume  y  =  — ;  then  -7-  =  ©,  and  —  x  fluxion  ot-^^ 

C  00  C  AMI 

cs— r-,thati8,o+  »=  — r^.      Thereftre  a  «  +  jki 

s  C  o  17 ;  and  by  tdiihg  the  flaunts,  we  have  8  a  #  +  9* 
=  C't?«;  and  v  ^  J ~ ^-1       CotoscquentljTn 

J  C  X  /,   .  a\  _  .     „ 

y  =  -TT-.-   ■,     ■: — :  I  Demg  =  -^  1.    Takinr  the  fluent 

of  this,    we  have  jf  =   ^C   xL(2a«  +  2«* 

if  2  »rWa  X  +  4r').    But  at  the  vertex,  where  »  s=  o, 
we  have  ^  =  V  C  X  L  (8  a).     The  corrected  fluent  is 

a  +  «  +  2  V  2a«  +  *• 

therefore  v  =  J  C  x  L . 

a 

It  Dnlj  remains  to  find  the    constant    quantity  C 

Thia  we  readily  obtain  by  selecting  -some  f>oint  c^  the 

textrados  where  the  values  of  x  and  jf  are  given  by  par- 

iioular   oircumstanqes  of  the   case.      Thus,    when  the 

jpan  '2  0  and  height  h  of  the  arch  are  given,  we  have 


and  conscr 


.  =  V  c  X  L  (^-L*±*L5_?j^'). 

quently  V  C  = =====  .      Therefore 


■L  /«  -f  *  ^-V^  <»  *  +  *'  )' 


«F  AlteHIW. 


«88 


m     '  ■■   ■ 


1,  (^  +  ^+  '^^  ?^+L*!^ 


the  g«Btrd  vaiM  of  ^¥=M- 


■  ■  >  I  »»— ^^»^»^— ^wwn  »i»  I        <yi^^» 


^ 


«  »     «PI 


»  ■» 


«  +  A  4-  V  J^  «  i  +  A*\ 


■  «  «  »^  I  ti.  .  ..H  ,  ,1 


)' 


9  

a  +  ^+  V  8  a  h+h^      — -. — ■. — 


^t^fm^mm^^ 


r  ^ 

As  an  example  of  tbe  use  of  this  formula,  we  subjoin 
a  table  calculated  by  Br  Hutton  of  Woolwich  for  an 
fincb,  tbe  span  of  which  is  100  feet  and  the  height  40, 
which  are  nearly  the  dimensions  of  the  middle  arch  of 
fijackfriara  Bridge  in  London. 


y 

X 

1/  , 

• 

X 

» 

0 

6)000 

^1 

iO,S84 

W      81,774 

2 

6,0«5 

22' 

10,859 

37 

?2,94«, 

4 

6,144. 

23 

11,368 

38 

24,190 

e 

6,324  • 

24 

11,911  . 

39 

25,505  ^ 

B' 

6,560 

tsi 

12,489 

40 

96,8M 

10 

6,914  1  96  i 

18,106, 

41 

»8,364 

12 

7,330 

27 

13,761 

42 

29,919 

13 

7,571 

28 

14,457' 

43 

31,563 

14 

^,884 

» 

15,196 

•44 

S3,299 

IS 

^,m) 

.m: 

15,9fK) 

"45 

85,1 3S 

16 

8,430 

31 

16,811 

46  J 

37,075 

17 

By766 

32; 

17,693 

47 

39,126 

18 

.    9,168 

33 

18,fJ«7 ' 

48 

41,593 

19 

9,517^ 

34 

19*17 

49 

46,^81 

m 

.9,as4 

35 

20,6(55 

50 

46.000 

^98.  The  'figure  for  this  |)rQposition  ia  ^xactl/  dr^wa 
liccording  to  tbese  iiimen95ion3,  tbatihe  reader  ma^  Judgq 
^f  it  aa  an  object  of  «igfat.  It  is  h^  no  means  de^cieot 
in  gracefulness,  and  is  abundant!/  roomy  for  the  passoigf; 
jof  craft ;  so  that  no  objection  ^an  be  offered  against  it^ 
l^eing  adapted  on  i^ccount  of  its  oaecbanical  excellenc/. 

The  reader  will  perbaps  be  suqirised  that  we  havB 
■Md^  419  vaentipii  of  tbe  eel^rated  Cat^narean  curv^ 
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which  18  commonlj  said  to  be  the  best  form  for  an  arch  ; 
but  a  little  reflection  will  conyince  him,  that  althougli 
it  is  the  onlj  form  for  an  arch  eonsisting  of' stones  af 
equal  weight,  and  touching  each  other  only  in  single 
pointy  it  cannot  suit  an  arch  which  must  be  filled  up  in 
the  haunch^,  in  ord^  to  form  a  road-waj.  He  will  be 
more  surprised  to  hear,  after  this,  that  there  is  a  certain 
thickness  at  the  crown,  which  will  put  the  Catenarea  in 
equilibrio,  even  with  a  horizontal  road-wa/;  but  thia 
thickness  is  so  great  as  to  make  it  unfit  for  a  bridge,  be- 
ing such  that  the  pressure  at  the  vertex  is  ec^ual  to  tiie 
horiaontal  thrust.  This  would  have  been  about  37  feet 
in  the  middle  arch  of  Blackfriars  Bridge.  The  onlj  si- 
tuation therefore  in  which  the  Catenarean  form  would 
be  proper,  is  an  arcade  carrying  a  height  of  dead  wall ; 
but  in  this  situation  it  would  be  veiy  ungraceful.  With- 
out troubling  the  reader  with  the  investigation,  it  is  suf-* 
ficient  to  inform  bini  that  in  a  Catenarean  arch  of  equi- 
libration the  abscissa  VH  is  to  the  abscissa  i;  A  in  the  con- 
stant  ratio  of  the  horizontal  thrust  to  its  excess  above  the 
pressure  on  the  vertex. 

599.  This  much  will  serve,  we  hope,  to  give  the  read* 
er  a  clear  notiotf  of  this  celebrated  theory  of  the  equi- 
librium of  arches,  one  of  the  most  delicate  and  important 
applications  of  mathematical  science.    Volumes  have  been 
written  on  the  subject,  and  it  ^1  oceupies  the  attention 
of  mechanicians.    But  we'  beg  leave  to  say,  with  great 
deference  to  the  eminent  persons  who  have  prosecuted 
this  theory,  that  their  speculations  have  been  of  little 
service,  and  are  little  attended  to  by  the  practitioner. 
Nay,  we  may  add,  that  Sir  Christopher  Wren,  perhaps 
the  most  accomplished  architect  that  Europe  has  seen» 
seems  to  have  thought  it  of  little  value :  for,  among  the 
fragments  which  have  been  preserved  of  his  studies,  there 
are  to  be  seen  some  imperfect  dissertations  on  this  wry 
subject,  in  which  he  jtakes  no  notice  of  this  flieoryj  ohI 
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ronsiders  tlie  tialance  of  arches  in  quite  another  wa^. 

These  are  eolleeted  bj  the  author  of  the  account  of.  Sir 

Christopher^  Wren^s  family.    This  man^s  great  sagaeitj, 

and  his  great  experience  in  building,  and  still  more  his 

experience  in  the  repairs  of  old  and  crasy  fabrics,  had 

shown   him   many  things   very  Inconsistent    with  this 

theory,  which  appears'  so  specious  and  safe.  "  The  gene- 

k'al  facts  which  occur  in  the  failure  of  old  arches  are 

highly  instructive,  and  deserve  the  most  careful  attention 

•f  the  enjgineer ;  for  it  i^  in  this  state  that  their  defects, 

and  the  process  of  nature  in  their  destruction,  are  tnost 

distinctly  seen.    We  venture  to  aArm,  that  a  very  great 

majority  of  these  facts  are  irreconrileable  to  the  theory. 

•The  way  in  which  circular  arches  commonly  fail,  is  by 

the  sinking  of  the  crown  and  the  rising  of  the  flahlcs.     It 

will  be  Ibund  by  calculation,  that  ii^  most  of  the  cases  it 

'ought  to  have  been  just  the  contrary.    But  the  clearest 

proof  is,  that  arches  very  rarely  fail  where  their  load 

differs  most  remarkably  from  that  which  this  theory  ab 

lows.     Semicirctilar  arches  have  stood  the  power  of  ^ges^ 

as  may  be  seen  in  the  bridges  of  ancient  Rome,  and  iq 

the  numerous  arcades  which  the  ancient  inhabitants  have 

erected.     Now  all  arches  which  spring  perpendicularly 

from  the  horizontal  line,  require,  by  this  theory,  a  load 

of  infinite  height ;  and,  even  to  a  considerable  distance 

iirom  the  springing  of  the  arch,  the  load  neeessary  for  the 

theoretical  equilibrium^  is  many  times  greater  than  what 

.is  ever  laid  on  those  parts ;  yet  a  failure  in  tlie  immediate 

neighbourhood  of  the  spring  of  an  arch  is  a  most  rare 

.phenomenon,  if  it  ever  was  observed.    Here  is  a  most  re* 

jnarkable  deviation  from  the  theory ;  for,  as  is  already 

•baerved,  the  load  is  frequently  not  the  fourth  part  of 

.what  the  theory  requires. 

Many  other  facts  might  be  adduced  which,  shew  great 
deviations  from  the  legitimate  results  of  the  theory*^ 
yPf  hope  to  lie  e;xcusedy  therefore^  by  tb^matfaematiciana 
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for  doabtiog  of  the  justoeis  of  this  theory.  We  do  nM 
thinki  it  erroneous,  bat  defective,  leaving  out  ciccumstaaces 
which  we  apprehend  to  he  of  greet  ilnportsi¥» ;  «id  wre 
imagine  that  the  defects  have  ^sen  from  the  v«y 
M)iiety  of  the  mechanicians  to  make  it  perfect.  The 
ardi  stones  are  supposed  to  be  perfectly  smooth  or  po- 
lished, and  not  to  be  connected  by  any  cement,  aa4 
Ihereffxe  to  sustain  each  other  merely  by  the  eqailibriiw 
of  their  vertical  pressure.  The  theory  insures  this  equi- 
librium, and  this  only,  leaving  unnoticed  any  other  cauaea 
of  mutual  action. 

The  authora  who  have  written  on  the  subject  say  e»r 
pressly,  that  an  ardi  which  thus  sustains  itself  must  be 
stronger  than  another  which  would  not ;  because  when, 
in  im^ginaUOT,  we  suppose  both  to  aoquire  connecUop 
by  eament,  the  first  preserves  the  influence  of  IW*  co»- 
MctioB  unimpaired ;  whereas  in  the  other,  part  of  the 
cohesion  is  wasted  in  counteracting  the  tendency  of  some 
parts  to  break  off  from  the  reit  by  their  want  of  eqoilir 
hrium.  This  is  a  very  specious  argument,  and  would  be 
just,  if  the  forces  which  are  mutually  exerted  between  the 
parts  of  the  arch  in  its  seUied  state  were  merely  vertical 
prassures,  or,  where  different,  were  inconsiderable  in  emnr 
parison  with  those  which  are  really  attended  to  in  the 
construction. 

But  this  is  by  no  means  the  case.  The  forms  which 
the  uses  for  wUch  m-ches  are  erected  oblige  us  to  adc^ 
and  the  loads  laid  <m  the  different  points  of  the  ardi, 
frequently  deviate  considerably  from  what  are  necessary 
for  the  equilibrium  of  vertical  pressures.  The  varying 
load  on  a  bridge,  when  a  great  waggon  passes  along  it, 
sometimes  bears  a  very  sensible  proportion  to  the  weight 
of  that  point  of  the  arch  on  which  it  rests.  It  is  even 
3rery  doubtAil  n^hether  the  pressures  wkidi  are  occa- 
tfoned  by  the  weight  of  the  stuff  employed  for  filling  up 
th»  flanks  really  act  in  a  vertical  direction,  and  in  the 
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propGtrtidB  whicb  is  si^posed.  We  are  pretty  certain 
that  ikii  is  not  the  case  with  sand^  gf^^y  fat  m6ttld» 
and  manj  substaoces  in  Terjr  general  use  for  this  pur« 
pose.  When  this  is  the  case,  the  pressures  sustained 
hj  ike  diflTerent  parts  of  the  arch  are  often  verj  incon* 
sktent  with  the  theory*— a  part  ef  the  arch  is  overload* 
ed,  and  tends  to  faH  iii^  but  is  prevented  by  the  oementt 
This  part  of  the  arch,  th^referf  >  acts  on  the  remoter  parts^ 
^  the  IntervenCioii  of  the  parte  between,  employing  those 
imterniediate  parts  aa  a  kind  of  levers  to  break  the  axdi 
im  a  remote  part,  just  as  a  lintel  would  be  broken.  We 
appMlMnd  that  a  nsatfaematidan  would  be  puszled  how 
t4  explain  the  stability  of  an  aicb  cot  out  of  a  solid  and 
UBiferm  mass  of  rock.  His  theory  considers  the  mutual 
thrusts  of  the  arch  stones  as  in  the  direction  of  the  tan<* 
gents  to  the  areh.  Why  so  P  because  he  supposes  that 
all  his  poUsked  joints  are  perpendicular  to  those  tangents^ 
But  in  the  present  ease  he  has  no  existing  joints ;  and 
there  ise^ms  to  be  nothing  to  direct  his  imagination  in  the 
issumptiott  of  joints,  wUch,  however,  are  absolutely  ne^ 
cessary  for  employing  Us  theory,  because,  without  a  sup* 
position  of  this  kind,  tliere  seems  no  conceiving  any  mu« 
tual  abutment  of  the  arch  stones.  Ask  a  common,  but 
intelligent,  mason,  what  notion  he  forms  of  such  an  arch  f 
We  apprehend  that  he  will  consider  it  as  no  arch,  but  as 
a  lintel,  which  may  be  broken  like  a  wooden  lintel,  ahd 
which  resists  entirely  by  its  cohesion.  He  will  not  rea^ 
diiy  conceive  that,  by  cutting  the  under  side  of  a  stone 
lintel  into  an  arched  form,  and  thus  taking  away  more 
than  half  of  its  substance,  he  has  changed  its  nature  of  • 
lintel,  or  given  it  any  additional  strength.  Nor  would 
there  be  any  change  made  in  the  way  in  which  such  m 
mass  of  stone  would  resist  being  broken  down,  if  nothing 
were  done  but  forming  the  under  side  into  an  arch.  If  the 
lintel  be  so  laid  on  the  piers  that  it  can  be  broken  with* 
dut  its  parts  pushing  the  piers  aside  (which  will  be  the 
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«Ue  if  it  lies  on  the' piers  with  horiz^ttl  joints),  it  will 
break  like  any  other  lintel;  bat  if  the  joints  are  direct^ 
ed  downwards,  and  converging    to  a  point  within  the 
iirch,  the  broken  stone  (snppose  it  broken  ,at  the  crown 
by  an  overload  in  that  part)  cannot  be  pressed  down 
without  forcing  the  piers  outwards.     Nowi  in  this  mode 
of  actings  the  mind  cannot  trac^  an  j  thing  of  the  statical 
equilibrium  that  we  have  proceeded  on  in  the  foregoing^ 
theory.     The  two  parts  of  the  broken  lintel  seem  to  pusk 
the  piers  aside  in  the  same'  manner  that  two  rafters  push 
outwards  the  wsiils  of  a  house,  when  their  fe^t  are  neC 
held  together  by  a  tye-beam.     If  the  piers  cannot  bet 
pushed  aside  (as  when  the  arch  abuts  on  two  solid  ro^)^ 
nothing  can  press  down  the  crown  which  does  not  crusk 
the  stone. 

This  eonclusidn  wili  be  strictly  true  if  the  arch  is  of 
such  a  form  that  a  straight  line  drawn  from  the  crown 
to  the  pier  lies  wholly  within  the  solid  masonry*  Thus  i£ 
the  vault  consist^f  two  straight  stones,  as  in  Fig.  I.  PI.  X. 
or  if  it  consist  of  several  stones,  as  in  Fig.  14.  dbposed^ 
in  two  straight  lines,  no  weight  laid  on  the  crown  can 
destroy  it  in  any  other  way  but  by  crushbg  it  to  pow« 
den 

6CM>.  But  when  straight  lines  cannot  be  drawn  from 
the  overloaded  part  to  the  firm  abutments  through  the 
solid  masonry,  and  when  the  cohesion  of  the  parts  is  not 
able  to  Vithstand  the  transverse  strains,  we  must  call  the' 
principles  of  equilibrium  to  our  aid ;  and,  in  order  to 
employ  them  with  safety,  we  must  connder  how  they 
are  modified  by  the  excitenient  of  the  cohering  forces. 

The  cohesion  of  the  stones  with  each  other  by  cement 
or  otherwise,  has,  in  almost  every  situation,  a  bad  effect. 
It  enables  an  overload  at  the  crown  to  break  the  arch 
near  the  haunches,  causing  those  parts  to  rise^  and  then 
to  spread  outwards,  just  as  a  Mansarde  or  Kirb  roof 
would  do  if  tbe  truss-beam  which  connects  the  heads  of» 
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the  lower  raften  were  sawn  through.  This  eta  be  pre^ 
Tented  only  b j  loading  that  part  more  than  is  requisite  for 
equilibrium.  It  would'  be  prudent  to  do  thb  to  a  certain 
degree^  because  it  is  bj  this  cohesion  that  the  crown  al- 
ways becomes  tiie  wedcest  port  of  the  arch,  and  suffers 
more  by  any  occasional  load* 

We  expect  that  it  will  be  said  in  answer  to  all  this^ 
that  the  cohesion  given  by  the  strongest  cement  which  we 
can  employ,  nay  the  cohesion' of  the  stime  itself,  is  a  mere 
nothing  in  ctMUparison  with  the  enormous  thrusts  that  are 
in  a  state  of  continual  ^exertion  in  the  different  parts  of 
anarch.  This  is  rery  true;  but  there  is  another  force 
which  produces  the  same  effect,  and  which  increases  near* 
)y  in  the  proportion  that  those  thrusts  increase,  because 
it  arises  from  them.  This  is  the  friction  of  the  stones  on 
(Mch  other.  In  dry  fireestone  ttSs  friction  considerably 
exceeds  one  half  of  the  mutual  pressure.  The  reflecting 
I'eader  will  see  that  this  produces  the  same  effect,  in  the 
case  under  consideration,  that  cohesion  would  do;  for 
while  the  arch  is  in  the  act  of  failing,  the  mutual  pressuro 
of  the  arch  stones  is  acting  with  full  force,  and  thus  pro« 
duces  a  friction  more  than  adequate  to  all  the  effects  we 
have  been  speaking  of. 

601.  When  these  circumstances  are  considered,  we 
imagine  it  will  appear  that  an  arch,  when  exposed  to  a 
great  overload  on  the  crown  (or  indeed  on  any  part),  di-^ 
▼ides,  of  itself,  into  a  number  of  parts,  each  of  which 
contains  as  many  arch  stones  as  can  be  pierced  (so  to 
speak)  by  one  straight  line,  and  that  it  may  then  be  con* 
sidered  as  nearly  in  the  same  situation  with  a  polygonal 
arch  of  long  stones  butting  on  each  other  like  so  many 
beams  in  a  Norman  roof,  but  without  their  braces  and 
ties*  It  tends  to  break  at  all  those  angles ;  and  it  is 
not  sufficiently  resisted  there,  because  the  materials  with 
which  the  flanks  are  filled  up  have  so  little  cohesion, 
that  the  angle  feels  no  load  except  what  is  immediate* 
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\y  tbere  it;  wbercas  it  thmdd  bt  imneittitteLj  baddl 
irkb  all  tht  weight  wUck  is  liiAmd  over  the  ftijniiia; 
side  of  Ibe  pofygon.  Tbis  will  be  Ibe  case,  eren  thoof  b 
ibe  corviiiMtl  «rcb  be  perfisctly  e^iUhmtkL  We  fceok 
iect  some  eirooimtaiiees  ki  the  faabmof  a  coosidendble  ardb^ 
which  may  be  worth  menttonng.  It  bad  beoi  biiik  of 
an  exceetegiy  toft  aad  friabk  stone,  aad  tbe  aicb  stones 
were  too  short  Ataovt  a  Cotftaigbt  befeee  it  CeU,  chaps 
weve  observed  to  be  d^eppiag  off  from  tbe  joints  of  tbe 
arok  stones  about  tea  fact  an  eadi  side  of  tbe  aisddle,  and 
ako  firom  anetber  place  on  one  side  of  tbe  archy  aboat 
twenty  ^mI  from  its  middle.  The  atasons  In  the  aeigb* 
botarheod  fniagnoelicated  its  speedy  dawsfid,  and  said 
it  wodd' separate  in  those  places  wlieref  the  diips  wer^ 
breHkiiig  oK  At  length  it  fclt ;  but  it  fint  spKt  in  tbe 
middle,  and  a%e«t  16  or  1ft  feet  on  eeob  slde^  and  sdso  at 
tlie  tery  springing  of  tbe  areb.  Immediately  before  tbe 
fall  a  shivering  or  eroclcling  noise  was  heard,  and  a  great 
many  chips  dropped  down  from  the  middle  between  tbe 
two  places  from  whence  they  had  dropped  a  Ibrtnig^  be>* 
fore.  The  joints  opened  above  at  those  new  pfaoes  above 
two  inches,  and  in  tbe  middle  of  the  arsh  tbe  joints  opeoM 
ed  below,  and  in  about  five  minutes  after  this  the  whole 
came  down.  Even  this  movement  was  plainly  distin- 
guishable into  two  parts.  The  erown  sank  a  little,  and 
the  haunches  rose  ytry  sensibly,  and  In  this  state  it  bung 
for  about  half  a  minate.  The  «pch  stones  of  the  crowa 
were  hanging  by  theif  upper  corners^  When  these  spUnt^^ 
ered  off,  the  whole  fell  down. 

We  appreliend  that  the  procedure  of  nature  was  some* 
what  in  this  manner.  Straight  lines  can  be  drawn  within 
the  arch  stones  from  A  (Pig.  15.)  to  B  and  D,  and  from 
those  points  to  C  and  E.  Each  of  the  portions  ED,  DA^ 
AB,  BC,  resist  as  if  they  were  of  one  stone,  composing  a 
polygonal  vault  EDABC.  When  this  is  overloaded  at  A, 
A  can  descend  in  no  other  way  than  by  pushing  the  anglea 
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B  tod  D  oatwards,  trausiog  ike  porltoBS  BC)».DE,'jto  tura 
rouod  C  and  £.  This  motion  mutt-raise  the  points  B 
and  D,  and  cause  the  arch  stones  to  press  on  each  other 
at  their' titnrr  joints  &  ond^df*  This  produced  the  cofkiotts 
splintering  at  those  joints  inmiediately  preceding  the  total 
downfal.  The  .splintering  which  happened  •  a  fortnight 
before,  arose  from  this,  circumstahcef  th^t  the  tines  AB 
and  :AD^  along  which  the  pressure  of  the  ovedoad  was 
propagated,  were  tangents  to  the  soffit  of  the  arch  in  the 
points  F,  H,  and  6,  and  therefore  the  strain  lay  all.oa 
those  corners  of  the  arch  stones^  and  splintered  a  little 
from  off  them  till  the  whole  took:  a-  firmer  beda.  The/sub- 
sequent  phenomena  are  evident  consequences  of  t|iis  dis* 
tributi,on  and  modification  of  pressur^^  andician  hardly  be 
explained  in  any  other  way  i  at  least  not  on  the. theoretic 
cal  principles,  already  set  forth ;  for  in*  this,  bridge  the 
loads  at  B  and  D  Were  very. considerably  greater  tbaa. 
wfa^t  the:  equilibrium  required ;  and  we  tliink.  that  the 
first  obserTvcd  spUateriqg'  at  H,  F,. and  G,  was  most  in- 
slructiiv^  showing  that  there  was  an  extraordinary  pres* 
sure  at  the  inner  joints  in  those  places^  which  cannot  be 
explained  by  the  usual  tbieory. 

Not  satisfied  with  this  single  obsertation^  after  thia 
way  of  explaining  it  ooourred  to  us,  and  not  beinlg  able 
to  find  any  similar  fact  on  record,  the  writer  o£  this  article , 
got  some  small  models  of  arches  executed  in^  chalk,  and 
subjected  them  to  matiy  trials^  in  hopes  of  collecting  some 
general  laws  of  the  internal  workings  of  arches  which 
finally  produce  their  ^downfal.  He  had  the  pleasure  o£ 
observing  the  abore  nlentioned  circumstances  take  place 
very  regaldrly  and  unlfwnHly^  when  he  overloaded  the- 
models  at  A.  The  arch  always  broke  at .  some  place  B 
considerably  beyond  another  point  F^  where  the  first 
chipping  bad  been  observed.  This  is  a  method  of  trial 
that  deserves  the  attention  both  of  the  theorist  and 
the  .practitioner. 

VOL.  I.  2  I 
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If  Ibtoe  nttoctmm  mtt  wy  Amglike  a)«it  aeeoMii  ^ 
the  fmeedare  «f  aalura  i«  the  bUurt  of  an  «rdi»  it  is  eH- 
dsBt  di«t  the  ingenious  matiBeniatical  tkmrj  of  aqinli- 
brMed  arehet  is  of  little  value  to  the  engineer.  We  rea- 
inred  to  eaj  as  nineh  dreadj,  and  we  rested  a  good  denl- 
OBtlieaufhoiityof  SirCiiriatopberWrea.  He  was  a  good 
matliiiantacian^  end  deligbted  in  the  appliostfon  of  this 
seieaoe  to  the  arts.  He  was  a  cetobrated  architect ;  and 
his  reports  oo  ike  Tarioas  works  eommilted  to  Us  ckarg<» 
A0m  that  he  was  in  the  coatiaual  habit  of  maldag  this 
applieatEoB.  Sevetal  spedaiena  pemain  of  his  owa  aso^ 
<bods  of  applfiag  tbeai.  The  roof  of  the  theatre  of  Qx- 
ford)  the  roof  of  tlie  cupda  of  8t  Pani\  and  in  partieu- 
lar  the  movld  on  which  lie  turned  tkt  iammr  dcane  of  that 
intiwdral,  are  ptoofii  of  his  having  skidaed  thb  theory 
snost  attentively.  He  flourished  at  tltt  veiy  tioK  that  it 
•coupied  the  attention  of  the  greatest  mecksniciaas  of 
ikisope;  but  tiiere  is  nothing  to  he  found  among  Ins 
•papen  which  shows  that  he  bad  paid  saneh  ingani  to  it. 
-On  the  contrarjTy  when  he  has  ocoasioa  to  deliver  his  opi- 
nion for  the  iastiwotion  of  others,  fad  to  exphnn  to  the 
Dean  and  Chapter  of  Westrataater  his  apemttoHs  in  repaiip- 
ing  that  coHegiate  dunrch,  this  great  ardiitedt  eonsiders  an 
aiieh  jnst  as  a  sensible  and  sagacious  maaen  woidd  do,  and 
Terj  nnsoh  sn  the  wny  that  we  have  just  now  been  treat- 
Mng  k.  (See  jteemmt  of  tke  Fmily  of  Wren^  p.  SSfi, 
&€.)  Supported  therefore  by  such  authority,  we  wodd 
^Deoommend  this  way  of  coDBidering  an  arch  to  the  study 
#f  the  roathamatician ;  and  we  would  desire  the  eapeti* 
aneed  inason  to  think  of  the  most  efficacious  methods  lor 
resisting  this  tendency  of  arcbe>  to  ri^e  in  the  flanks. 
Unfortunataiy  there  aetam  to  be  no  precise  principle  to 
point  out  the  place  where  this  tendency  is  niost  remarkable. 

Wa  are  thenefore  highly  pleased  with  the  ingenious 
contrivance  of  Mr  Myllie»  the  architei:t  of  BlackiHars 
Bridge  in  London,  by  which  he  d^tenpines  this  poiat 
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with  pnSmom^  bf  making  k  inpomUe  lor  the  ovtrioadU 
ed  areh  lo  spriag  ki  any  alkar  pUee.  HaTuig  tbia  con^ 
fined  the  fukire  to  a  patticular  apot^  he  wilb  equal  ait 
oppoaca  a  resiatanee  wkkb  he  believea  to  be  sufficient; 
and  the  present  oandiUen  ef  that  aeble  bridge^  which 
daes  not  in  an^  place  show  the  nnaUest  change  of  shape, 
proves  that  he  was  not  mistaken.  Looking  on  this  work 
aa  the  first,  or  at  least  the  ascond,  ap«:inien  of  masonie 
inganutty  that  is  to  he  asen  ks  the  world,  we  imagine  that 
onr  neadva  will  be  pleased  with  a  particular  acscount  of  its 
moat  vemarki^le  eifcnmstancea. 

fiuai .  The  spaa  k  a  (Fig.  16<)  of  the  midtlk  lath  is  100 
fs«t,  and  its  height  QV  is  40,  and  the  (hi^fieas  KV  of 
the  crown  is  six  fbet  ae?en  inebes.    Ita  form  is  nearly  el- 
Kptioal  3  the  part  A  VZ  being  an  arch  ef  a  circle  whose 
eentre  is  €,  and  radiut  60  feet^  Md  the  two  lateral  por- 
tiona  A  Ir  B  and  2  a  £  beiag  arches  described  with  a  ra^ 
dnis  of  36  feet  nearly.    The  thickness  of  the  pier  at  a  i  is 
1,9  tact    The  thickness  of  the  arch  inerenfea  from  thf 
erovn  V  to  Y,  where  it  il  eight  nr  nine  ftet    All  the 
arch  atones  have  their  joints  directed  to  the  centrea  of 
thehr  eurraftnre.    The  joints  are  all  joggled,  hating  a  cu<* 
bic  fi>ot  of  hard  atone  kt  haK*  way  into  each*    By  thia 
centiiVance  the  jainta  cannot  slide,  nor  can  any  weight 
hid  on  the  crown  enrer  breidi  the  arch  in  that  part,  if  the 
piers  do  not  yield ;  for  a  straight  line  from  the  middle  of 
KV  to  the  middle  of  the  johit  YI  is  contained  wHhin  the 
solid  masonry,  sind  does  not  even  ceme  near  the  inner  jointa 
of  the  aroh  stanea.    Therefore  the  whok  lesista  like  one 
stone,  and  can  be  broken  only  by  cruahing  it    The  jpint 
at  Z  ia  very  nearly  perpendicular  to  a  Kne  YI*  drawn  to 
the  onter  edge  of  the  foundation  *of  the  pier.    By  thif  it 
waa  antanded  to  t^e  off  all  tendaniy  of  the  pressure  oip. 
the  joint  d  Z  to  overset  the  pier ;  for  if  we  snppese,  ac- 
cording to  the  theory  of  equilibration^  that  this  pressure 
is  necessarily  exerted  perpendicularly  to  the  joiut>  its  di- 
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rection  pasMs  tkrbugh  the  f«Icrum  at  F;  round  which  it 
is  tfaoogbt  that  the  pier  must  turn  in  the  act  of  oreraettingii. 
Thb  precaution  was  adopted,  in  order  to  make  the  ^rch 
qaUe  independent  of  the  adjoining  'arches;  so  that  aU 
though  any  of  them  should  fall,  this  arch  should  run  no  risk« 

Still  farther  to  secure  the  independence  of  the  arch,  the 
following  coQstructron  was  practised  to  unite  it  into  one 
mass,  which  should  rise  altogether.  All  below  the  line 
a  &  'is  built  of  large  blocks  of  Portland  stone,  dovetailed 
with  sound  oak.  Four  places  in  each  course  are  inter* 
rupted  by  equal  blocks  of  a  hard  stone  called  Kentish  ragi 
sunk  halfway  in  each  course. .  These  act  as  joggles,  break- 
ing the  covirses,  and  prieventing  them  from  ^ding  laterallyw 

The  portion  a  Y  of  the  arch  is  joggled  like  the  upper 
part.  The  imerior  part  is  filled  up  with  large  blocks  of 
Kentish  rag,  formiBg  a  kkid  of  coursed  rubble-work,  the 
courses  tending  to  the  centres. of  the  arch.  The  under 
comer  of  each  arch  stone  projects  over  the  one  below  iti 
By  this  form  it  takes  fast  hold  of  the  nibble-work  behind 
it.  Above  this  rubble  there  is  constructed  the  inverted 
arch  I  c  6  of  Portland  stone.*  This  arch  shares  the  pres* 
sure  of  the  two  adjoining  arches,  along  with  the  arcb 
stones  in  Y  a  and  in  6  fr.  Thus  all  tend  together  to  com- 
press and  keep  down  the  rubble-work  in  the  heart  of  thi» 
part  of  the  pier.  This  is  a  very  useful  precaution ;  for  it 
often  happens,  that  when  the  centres  of  the  archies  are 
struck,  before  the  piers  are  built  up  to  their  intended 
height,  the  thrust  of  the  arches  squeezes  the  rubble- 
work,  horizontally,  after  the  mortar  has  set,  but  before 
it  has  dried  and  acquired  its  utmost  hardness.  Its  bondia 
broken  by  this  motion,  and  it  is  squeeeed  up,  and  never  ac- 
quires its  former  firmness.   This  is  effectually  prevented  by 

the  pressure  exerted  by  the  back  of  the  inverted  arch. 

■■--■-'-■--  ^  — 

*  We  have  been  informed,  upon  good  authority,  that  thi«  inverted  arcb 
does  not  exist  in  Blackfriars  Bridge,  and  that  it  was  inserted  in  the  plaa» 
merely  for  the  purpose  of  inspiring  confidence.    JU. 
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'  Abore  tbis  counter  arch  is  another  mass  of  coiirsed 
nibble,  and  all  is  covered  by  a  horizontal  course  of  large 
blocks  of  Portland  stone,  butting  against  the  back  of  the 
arch  stone  ZI  and  its  corresponding  one  in  the  adjoining 
arch.  This  course  connects  the  feet  of  the  two  arches,  pre- 
serves the  rubble-work  from  too  great  compression,  and 
protects  it  from  soaking  water.  This  last  circumstance  is 
knpoTtant ;  for  if  the  water  which  falls  on  the  road-waj 
is  not  carried  off  in  pipes,  it  soaks  through  the  gravel  or 
other  rubbishy  rests  on  the  mortar,  and  keeps  it  continually 
wet  and  soft.  It  cannot  escape  through  the  joints  of  good 
matoniy,  and  therefore  fills  up  this  part  like  a  funnel. 

Supposing  the  adjoining  arch  fallen,  and  all  tumbled  off 
that  is  not  withheld  by  its  situation,  there  will  still  remain 
hi  the  pier  a  mass  of  about  3500  tons.  The  weight  of  the 
portion  V Y  is  about  2000  tons.  The  directions  of  the 
thrusts  RY  and  YF  are  such,  that  it  would  require  a 
load  of  4fi00  tons  on  VY  to  overturn  the  pier  round  F. 
This  exceeds  VY  by  2500  tons ;  a  weight  incomparably 
greater  than  any  that  cixt  ever  be  laid  on  it. 
*  Such  is  the  ingenious  construction  of  Mr  Mylne.  *  It 
evidently  proceeds  on  the  principles  recommended  above ; 
principles  which  have  occurred  to  his  experienced  and  sa- 
gacious mind  during  the  course  of  his  extensive  practice. 
We  have  seen  attempts  by  other  engineers  to  withstand 
the  horizontal  thrusts  of  the  arch  by  means  of  counter 
arches  inserted  in  the  same  manner  as  here,  but  extendi 
ing  much  farther  over  the  main  arch ;  but  they  did  not 
•  appear  to  be  well  calculated  for  producing  this  effect.  A 
counter  arch  springing  from  any  point  between  Y  and  V 
has  no  tendency  to  hinder  that  point  from  rising  by  the 
sinking  of  the  crown ;  and  such  a  counter  arch  will  not 
resist  the  precisely  horizontal  thrust  so  well  as  the  straight 
course  of  Mr  Mylne.  * 

I 
*    A  Flan  and  Elevation,   and  a   description   of  Blackfrian    Bridge^ 

win  be  found  lii  the  KoixBuaaH  BNeYCLoriEDu,*Art.  Bridob,  «ee  p*.  485 

«4d4f«. 
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603.  There  i$  «Mther  epeciito  of  mnM  whidk  rami  Hot 
be  overlooked,  nanaelys  tbe  Donic  or  Cvp^U,  With  «U  iu 
varieties,  which  include  eveQ4be  pyAmidftl  «tleple  or 
lyire. 

604.  It  IB  evident  that  the  trtetiM  ^  a  done  is  abb  « 
acientific  art,  firoceediBg  iMi  the  j^nocipleii  of  e^ilifaff»* 
tioD,  and  that  these  principles  adttiit  and  fequire  the 
•ame  or  sioiilar  mofifioatloDs^  ia  conse^eiiee  of  theco** 
besbn  and  friction  of  the  materials.  At  first  sight,  too^ 
a  dome  appears  a  more  ilifiicuU  piece  of  wot«k  thaa  » 
plain  arch ;  but  when  we  observe  potters  kilns  smi4  glaaair 
house  domes  and  cooes  of  vast  esnentt  erected  by  ordioaiy 
bricklayers,  and  with  materials  vartiy  inferiw  in  sine  to 
what  can  be  employ^  in  common  ar-^hes  of  equal  €i^tent, 
w^  must  conclude  that  the  cironmstance  of  curvatiut  in 
the  horizontal  direetiiin,  or  the  abutnuSnt  of  a  circalar 
base,  gives  some  assistatice  to  the  artist  Of  this  we  havto 
cmaplete  demonstrftion  in  the  case  of  Ae  odne.  Wa 
know  that  a  Vaulting  in  the  forth  of  a  pent  redf  codd  Mt 
be  executed  to  any  considerable  extent^  nnd  woidd  be  «z« 
livmely  bacardous,  even  in  the  smalltet  dimenaions ;  while 
a  cone  of  the  greatest  magnitude  can  be  raised  witih  ver^ 

^  smaU  stones,  provided  only  that  we  prevent  the  bottoon 
from  flying  out,  by  a  hoop,  or  any  similar  eoBtrivance. 
And  when  we  think  a  Utile  of  the  matter,  we  tee  pbinlyi 
that  if  the  horinontal  s^ctioa  be  pevfoctly  round,  and  thn 
jointa  be  aH  directed  to  the  axis,  they  all  equally  endea- 
vour to  slide  inwards,  while  no  reason  can  be  ^dTered  why 
stny  individual  stotie  should  prevail.  They  are  all  wm^es^  ' 
i»nd  oiierate  only  as  wedgesu  When  we  consider  any 
single  course,  therefore,  we  see  that  H  cannot  faU  in, 
even  thoogh  it  may  be  part  of  a  curve  whidi  conid  ncffe 
stand  as  a  common  arch ;  nay,  we  see  that  a  dome  may 
be  constructed,  having  the  convexity  of  the  carve,  by  the 
revolution  of  which  it  is  formed,  turned  toward  the  axis, 
so  that  the  outline  is  concave.  We  shall  afterwards  find 
that  this  b  a  stronger  dome  by  far  than  if  the  convexity 
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were  matwrnritf  as  ui  a  cooHMm  flrcbu    Wc  tee  $l9»  iha^ 
a  COM  may  bt  kM<M  OB  the  itp  with  the  greatest  wciglU^ 
without  the  onalleat  daager  af  ftirciag  it  ckiw%  bo  Idmg 
as  the  bottom  ooutm  it  firaily  kept  &ma  buistiag  eul* 
wards.    The  stone  laothem  en  the  top  of  St  Piiar$  ca^ 
thedral  in  London  weighs  sevemt  hsBubed  tins,  and  St. 
carried  by  a  brick:  cone  of  eighteai  iadMa  thidc,  with 
perfeci  sidisty^  as  long  aft  the  bottom  course  is  prie¥eailed 
ffoaa  borttiiig  eutwosda.    The  seeaon  ia  ettdfent :    The 
presBure  Aiithe  tap  is  propagpated  aleug  the  cooe  i«  th^ 
durtctiou  of  the  slant  side ;  and,  so  far  firom  having  any 
tendency  to  break  it  in  any  part,  it  tends  rather  to  pra^ 
▼ent  ite  being  hrskev  by  any  iriegukv  prsssure  from  t^ 
reign  causes. 

S0&.  For  the  sanM  reasaaa  tiie  acCagonal  pyraaoiMs^  wMeb 
form  the  spirea  of  ^hie  arehiteelure,  are  attfitfdandy 
fumy  althougik  f«ry  thia.    The  sides  of  the  spine  ef  Beti 
liabury  cathednl  are  not  eight  iaiches  thick  after  tAe  octa»> 
gon  is  falfy  foraaed.    It  k  proper,  however,  to  direet  thet 
joints  to  the  axis  of  the  pyMnnid,  and  to  ttiahe  the  cour»r 
ing  joints  perpendicular  lo  the  slsnt  side,  beestase  the^ 
,  projecting  mootdings  which  ran  along  the  angles  are  the 
abutments  on  which  the  whole  pannel  depends.    A  consi^' 
doable  art  is  necessary  for  snpporling  tftrose  pahnds  or 
sides  of  the  octagon  wiiieh  spring  from  the  angles  of  the 
square  tower.    This  is  done  by  heginttittg  a  my  narrow 
pointed  arch  on  the  jquare  tower  at  a  great  distance  be- 
low tlin  top;  so  that  the  h|gs  of  the  arch  being  very  ft>ng, 
a  straight  line  may  be  drawn  tmm  the  top  of  the  kejsfoae 
af  the  arch  througii  the  whole  anch  stones  of  the  legs. 
By  this  disposition  the  thrusts  arising  from  the  weight  of 
these  four  pannels  are  asade  to  aaeet  on  the  massive  ma- 
sonry i»  the  middle  of  the  fides  of  the  tower,  at  a  greaf: 
distance  below  the  springing  of  the  spSre.    This  part«  be« 
lag  loaded  with^  the  great  mass  of  perpendicular  wait,  is 
folly  M0  to  wiUistanA  the  horisoqtal  thrtbt  from  Chci 
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UgB  *of  thoBC  arches.     In  maay  spire*  these  tfarnsts  ara 
still  Farther  resisted  ty  iron  bars  whiich>.cross  the  tower, 
and  are  becked  into  pieces  of  brass  firmly  bedded  in  the 
maaanry  of  the  sides.     There  is  much  nice  balancing  of 
this  kind  to  be  obsenred  in  the  highly  ornamental  open 
Sjiires^  such  as  thoae  of  Bnissels,  Mechlin,  Antwerp,  ^ 
606.  It  is  BOW  .time  to  attend  to  the  principle  of  equilu 
brinoi,  as  it  operates  in  a  siniple  circular  dome,  and  to 
determine  the  thickness  of  the  vaulting  when  the  curve 
i$  given,  or  the  curve  when  the  thickness  is  given.  There- 
fore, let  B  i  A  (Fig.  17.).  be  tbecurv^  which  produces  the 
d«itiie,by'  revolving  round  the  vertical  axis  AD.     We 
shall  suppose  this  curve  to  be  drawn  through  the  middle 
of  tha  arch  stones,  and  that  the  coursing  or  hwiaontal 
joints*  fu^  every  where  perpendicular  to  the  curve.    We 
shall  suppose  (as  is  always  the  case)  that  the  thickness 
KL,  HI,  &c.  of  the  arch  stones  is  Very  smajl  in  compari- 
son with  the  dimensions  of  the  arch.     If  We  consider  alky 
pixrtion  HA  A  of  the  ^ome,  it  is  plain  that  it  presscis  on 
the  course,  of  which  H(j  is  an  arch  stone,  in  a  direction 
b  C  perpendicular  tq  the  joint  HI,  or  in  the  direction  of 
the  next  superior  element  ^  ^  of  the  curve.    As  we  pro- 
ceed downwards,  course  after  course,  we  see  plainly  that 
this  direction  must  change,  because  the  weight  of  each 
course  is  superadded  to  that  of  the  portion  above  it,  to 
complete  the  pressure  on  the  course  below.     Through  B 
draw  the  vertical  line  BCG,  meeting  fi  A,  produced  in  C. 
We  may  take  6  c  to  express  the  pressure  of  all  that  is  above 
it,  propagated  in  this  direction  to  the  joint  KL.     We 
may  also  suppose  the  weight  of  the  course  HL  united  in 
J,  and  acting  ia  the  vertical.     Let  it  be  represented  by 
b  F.     If  we  form  the  parallelogram  b  FGC,  the  diagonal 
*  G  will  represent  the  direction  and  intensity  of  the  whole 
pressure  on  the  joint  KL.     Thus  it  appears  that  this  presn 
^ure  is  continually  changing  its  direction,  and  that  thei 
line,  which  wiU  always  coincide  with  it,  muat  be  fk  cvxxQ 
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ioMSte  downward.  .  If  this  be  precisely  the  curve  of  the 
dome,  it  will  be  an:  equiiibrated  raulting ;  but  so  far  from 
•being  the  strangest  form,  it  is  the  weakest,  and  it  is  the 
Kmit  to  an  infinity  of  others,  which  are  all  stronger  than 
it.     This  will  appear  evident,  if- we  suppose  that  b  G  does 
not  coincide  with  the  curve  A&  R,  but  passes  without  it. 
As  we  suppose  the  arch  stones  to  be  exceedingly  thin 
from' inside  tooutnde,  it  is  plain  that  this  dome  cannot 
stand,  and  that  the  weight,  of  *  the  upper  part  wiirpress  it 
down,  and  spring  the  vaulting  outwards  at  the  joint  KL.- 
But  lot  us  suppose,  on.  the  .other  hand,  that  6^6  falls  with- 
in the  curvilineal  element  b  B.     This  evidently  tends  ta 
push  the  arch  stone  inward,  toward  the  axis,  and  would> 
cause  it  to  aiide  in,  since  the  joints  are  supposed  perfectly 
smooth  and  slipping.    But  sinc^  this  takes  place  equally 
in  every  stone'  of  this  course,  ttiey  must  all  abut  on  each 
ether  in  the  vertical  joints,  squeezing  them  firmly  toge- 
ther.    Therefore,  resolving  the  thrust  6  Q  intbtwo,  one 
of  which  is  perpendicular  to  the  joint  KL,  and  the  other 
parallel  to  it,  we  see  that  this  last  thrust  is  withstood  by 
the  vertical  joints  all  around,  and  there'reiaatns  only  the 
thrust  in>  the  direction  of  the  curve.     Such  a  dome  must 
therefore  be  firmer  than  an  equilibrated  dome,  and  can- 
not be  so  easily  broken  by  overloading  the  upper  part. 
When  the  curve  is  concave  upwards,  as  iii  the  lower  part 
of  the  figure,  the  line  b  C  always  falls  below  b  B,  and  the 
point  C  below  B.  Whep  the  curve  is  concave  downwards, 
as  in  thiB  upper  part  of  the  figure,  'b  C  passes  above,  or 
without  b  B,     The  curvature  may  be  so  abrupt,  that  even 
V  &  shall  pass  without  'b  B','and  the  point  6'  be  above 
B^     It  is  also  evident  that  the  force  which  thus  binds  the 
stones  of  a  horizontal  course  together,  by  pushing  them 
towards  the  axis,  will  be  greater  in  flat  domes  than  in 
those  that  are  more  convex ;  that  it  will  be  still  greater 
in  a  cone ;  Bnd  greater  still  in  a  curve  whose  convexity  is 
tMfnad  inwards :  for  in  this  last  case  the  line  b  G  will  dcs 
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Tisle  iBOft  nmaiUblj  from  the  curre.  .  Such  m  dtnie  wtt 
sUod  (karaig  poHsbed  jotntt)  if  tbe  cmre  spriBga  firom 
the  Imm  with  any  d[eT«tioii»  howeyer  onmll ;  aaj,  «iice  tlie 
fricGon  bf  two  pieces  of  itone  »  not  less  tbaa  half  of  tlieir 
lautnal  pressure,  soch  a  dome  will  stand,  aMiosgb  tfce  tai^ 
genttoUiecuiTe  at  tiiebottom  skmid  be  horizoBfal,provid. 
ed  tkat  thelioricontal  tbmst  be  dooble  tke  wdght  of  tbe 
doDse,  wbich  may  easily  be  the  case  if  it  do  not  rise  high. 
607.  Tbns  we  see  that  the  stalnlity  of  a  dome  depcada 
on  rerj  dBfFcrent  prinripies  firoas  that  of  a  eomoaoii  arsb, 
and  is  in  genend  much  greater.    It  diffiers  also  in  ano- 
ther rerj  important  circuinstance,  Wa.  that  it  mqr  bm 
open  in  the  middle :  for  the  uppermost  course,  hy  tmd^ 
iag  equally  in  every  pairtto  slide  in  toward  the  axis^  pnsaca 
all  together  in  the  vertical  joints,  and  acta  on  the  next 
course  like  the  keystone  of  a  conmon  areh*    Thereftrv 
an  arch  of  equilibration,  which  is  the  weakest  of  aB,  may* 
be  open  in  the  middle,  and  carry  at  top  another  boiling, 
auch  as  a  Unthera,  if  its  weight  do  not  nescd  that  of 
the  cirailar  segment  of  the  done  that  is  oarftted.    A 
greater  load  Aan  this  would  indeed  bmak  the  dome  hy 
causing  it  to  spring  up  in  some  of  the  lower  courses ;  but 
this  load  may  be  increased  if  the  cuive  u  flattMr^dmn  th# 
curve  of  equilibration:   and  any  load  wbafeever,  which 
will  not  crush  the  stones  to  powder,  may  be  sal  on  n  truiK 
c«te  cone,  or  on  a  dome  formed  by  a  cmrvie  that  is  con- 
vex toward  the  Km ;  provided  always  that  the  feundhi- 
tioD  be  effectnally  prevented  from  flying  out,  either  by  a 
hoop,  or  by  A  suficient  mass  of  solid  pier  on  wfaictr  it  is 
set.    We  havn  mentioned  the  many  faAorca  which  hap^ 
peaed  to  the  domi^  of  St  Sophia  in  Constantinople.*    We 
imagine  thaft  the  thrust  of  the  great  done,  bending  the 
eastern  arch  outward  as  soon  as  the  pier  bcgai^  to  yields 
destroyed  the  half  dome  whidi  was  kantng  on  it,  and 

*  See  the  Edihbuwss  EafcTCLgpsoju,  Art  Ctvit,  ARCwSMVoai^  V«k  VI* 
p.  625.  and  Plate  CLXXIII.  of  that  work.    Bo. 
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tkm,  rimostinaii  itastiwty  toed:  away  ike  ente^  wboU- 
iMjit  We  timk  tiutt  Uns  tnight  hate  been  pbanented,  < 
witlMMBt  my  cktngfe  in  tire  anjudkiolBi  |ilaD^  if  the  dbme 
h»d  teai  Uoped  wkk  iitiii)  as  was  pcacibed  fajr  Micittal 
AagMo  in  tin  vasdy  mbre-poiiderouB  doiie  afJSt  Peter^i  at< 
RbMe^  aad  by  Sir  Cbristepher  Wxea  in  the  oone  a*d  the* 
iMMf  dbMe  of  fit  Pliul!t  «t  ]>aAn^ 

6m.  The^vra^t  of  tinr latter  coiBidtrri>Iy  axceeds3000 
totis»  and  tfa«3r  4ccsiaian  «  harizontal  llittisl  which  h  nearij' 
Ila4flMi  qaMtltfri^  dataltiosof  tbe  eone  being  alk>at  M^.. 
TU*  b^g  diitiAifled  round  itfaeipiireiinrfercnce,  occasianta^ 

8ti?aia  on  the  lipcp  =  ^ — ^^  oF  the  thrust,  or  nearljr 

238  tons.  A  square  inch  of  the  worat  iron,  if  well  fbrg-^ 
ed,  will  canr;f  26  tons  witb  ipeifecfc  Mffety ;  tberefore  ^ 
hoop  df  7  indiee  broad  vnd  H  itwhes  tMct  witi  oomplet^-^ 
If  scenic  this  ci#elef£iitt  bunting  ootwaidlB.  It  is,  bow-: 
evers  ii^u^h  aiojpe  (ompt^jr  mouB^  ;•  Jor^  bender  a  boap 
at  Ule  base  of  rery  lieariy  tbese  dimeasbai?,  there  arr 
hoops  in  different  ecMuises  ^  the  cone,  whkh  faiM  H  ivM 
one  imasf>  and  cause  it  to  jpress  oa  the  piers  in  a  dit ectioir 
exactly  vertical.  The  only  thrusts  which  ihe  piers  sus- 
tain are  those  from  t!he  arches  of  the  body  of  tbe  church 
andth^  transepts.  These  are  most  judiciously  directed 
to  the  cmtering  angles  of  tbe  building,  and  are  Ibet^  feJ 
tii^d  with  ifisiiperabla  force  by  the  whole  lengths  of  tim 
walls,  and  by  four  solid  masses  of  nmi^onry  in  the  comer««. 
Whoever  considers  with  attention  and  judgment  the|^aa1ef 
this  cathedral,,  will  see  that  the  thrusts  of  these  arches,  and 
of  the  dome,  are  indomparably  better  balanced  than  In  St ' 
Feter^  church  at  Rome.  But  to  retotnTrom  this  digression. 
609.  We  havn  8^n  that  if  b  G^  the  thrust  eoBspoandef 
of  the  thrust  b  C,  exerted  by  all  the  courses  above  HILK^ 
and  if  the  force  b  F,  or  the  weight  of  that  course,  be 
everywhere  coincident  with  b  B,  the  element  of  the 
curve,  we  diatl  have  an  equQiforated  dome ;  if  it  falls 
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withio  it,  we  have  a  dome  which  liriH  bear  a  greater 
load ;  and  if  it  falls  without  it,  Ae  dome  will  break  at 
the  joint.  We  must  endeavour  to  get  analytical  expres- 
aions  of  these  conditions.  Therefore  draw  the  ordioates 
b }  6",  BDB'',  C  d  C".  Let  the  tangents,  at  b  and  b'^ 
meet  the  axis  in .  M,  and  make  MO,  MP,  esdi  equal  to 
b  c,  and  complete  the  parallelogram  MQNP,  and  diuw 
OQ  peipendicular  to  the  axis,  and  produce  b  F,  cuttings 
the  ordinates  in  E  and  e.  It  is  plain  that  MN  is  U> 
MO  as  the  weight  of  the  arch  HA  k  to  the  thrust  b  e 
which  it  exerts  on  the  joint  KL  (this  thrust  being  pro- 
pagated  through  the  course  .HILK) ;  and  that  MQ, 
or  its  equal  6  c,  or  5  d,  may  represent  the  weight  of  the 
talf  AH. 

,.  Let  AD  be  called  *,  and  DB  be  called  y.  Then 
be^i^  and  c  C  ==y  (because  i  c  is  in  the  direction  of 
Che  elejikent  fib).  It  is  also  plain,  that  if  we  make  y 
constant,  BC  is  the  second  fluxion  of  x,  or  BC,=  x, 
and  b  e  aiid  BE  may  be  considered  lis  equal,  and  tafcoi 
indiscrinuDately  for  x.  We  hare  also  *  C  =  ^x'  +  y*i 
JjCtd  be  the  depth  or  thickness  HI  of  the  arch   stones. 

Then  d  ^ 'x\  +  y*  will  represent  the  trapezium  HL  ; 
and  since  the  circumference   of  each  course  increases  in 

the  proportion  of  the  radius  y,  d  y  ^  x*  +\y*  will  ex- 
press the  whole  course.  If  /*  be  taken  to  represent  the 
sum  or  aggregate  of  the  quantities  annexed  to  it,  the 
jbrmula  will.be  analagous  to  the  fluent  of  a  fluxion,  and 

J  ^  J^  V  «^  +  y  will  represent  the  whole  mass,  and  alstt 
the   weight   of    the   vaulting,  down  to   the   joint   HL 

Therefore  we  have  this  proportion  y^d  y  v^  **  +  i* 
xdy  yi»  +y    =  6  e  :  i  F,  =  4  e  :  C  G,  =  I  d  :  CG, 

s=i:Ca     Therefore  CG=^^''^^^^+Z!. 


.  OP  ABCHB&  €U 

*  If  tbe'  cttir'ature '  of  the  dome  be  predsely  'siich  as 
puts  it  in  equiiibrium,  but  without  any  mutual  pressure 
in  the  vertical  joints,  this  value  of  CG  must  be  equal  to 
CB,  or  to  Xy  the  point  6  coinciding  with  B.      This, 

condition  will  be  expressed bytheequation  -  ■         _        ■    . 

.    ^1       -     d  y  ^  a*  +  y»  « 

=  «,  or,  more  conveniently,  by  —aZ-O-—-— ^  -.  __^ 

Jdy^  X*  +y*        i* 

But  this  form  gives  only  a  tottering  equilibrium,  inde- 
pendent of  the  friction  of  the  joints  and  the  cohesion  of 
the  cement.  An  equilibrium,  accompanied  by  some  firm 
stability,  produced  by  the  mutual  pressure  of  the.  verti- 

iy  J  X'  +  V* 
cal  joints,  may  be  expressed  by  the  fprmula  —j       ~==^ 

«        ,    ^y  J^^  +  y'      «  .  ^'      u 

--J  or  by       ^       T-'jL-.  -=  - — ^.  — ,  isrhere  t  is  some 

variable  positive  quantity,  which  increases  when  x  in- 
creases.  This  last  equation  will  also  express  the  equi- 
librated dome,  if  e  be  a  qpnstant  quantity,  because  in  thja 


t   . 
case  —  IS  =  0, 


•  •  .         ,      dyx^x*  +  y^ 

Since  a  firm  stability  requires  that         ^  ^  shall 

yrfj^vx«+y 

be  greater  than  i',  and  CG  must  be  greater  than  CB : 
Hence  we  learn,  that  figures  of  too  great  curvature, 
whose  sides  descend  too  rapidly,  are  improper.    Also, 

since  stability  requires  that  we  have  .JLf^'LjhJL 


X 


greater  than  J*dy  J i^+y,  we  learn  that  the  upper 
part  of  the  dome  must  not  be  made  very  heavy.    This,  by 
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diniiiitfhiiig  the  prop<»ttoa  of  6  F  to  *  C,  diniOMlies  the 
M^le  c  &  6*  and  maj-  set  the  point  6  abore  B,  which 
will  infalliblj  spring  the  dome  ia  that  placa  We  see 
here  also,  that  the  algebraic  analyne  ezpreeiet  that  pecu- 
liarity of  dome-vaulting,  that  the  weight  of  the  upper 
part  maj  even  be  Mippi^eased. 

The  fluent  of  the  equation  ^^^  **  +y*  _  ^   ^  j^ 

itf  most  eaeilj  fooBd.  It  is  ^fdy  J x*  +y*  =  L  jt  -h 
J^  U  where  L  {s  the  hyperbolie  iogarittm  of  the  q«aa- 
titj  annexed  to  it.  If  we  eoneider  y  as  cnnetant,  and 
eonreet  the  flaent  00  at  to  make  it  nothing  at  the  Tertex, 

it  may  be  expressed  thus,  L/  dyn/^*  +  J^*— L  a  =  L  x 
-^  L  i  +  L  f.  This  gives  us  l.fjlJj^l±3l  ^Ll^i, 

and  therefore  J^bL£j^  =  t  iL 

a  y    > 

This  last  equation  will  easily*  gtre  tis  the  depth  of 

Vaulting,  or  thickness  d  of  the  arch,  when  the  curve  ia 

given.    For  lU  fluxion  is  <^i^/*'+y'='  ^t  '  *> 


•      • 


a  t  X  -^^  a  t  X 


and  d  = ;;--Tc===n:*3ir,  which  is  all  expressed  in  known 

quantities;  for  we  may  put  in  place  of  t  any  power  or 
function  of  x  or  of  ^,  and  thus  convert  the  expression 
into  another^  which  will  still  be  applicable  to  all  sorts  of 
curves. 


•• 


X-       t 
Instead  of  the  second  member-;- 4.  -.  we  might eai« 

X         t 


•% 


ptoy  -: — ,  where  p  is  some  number  greater  than  unity. 


TbU  will  evidefttlf  give  a  doiae  haying  stebitity;  be^ 

\  •         /"I T" 

cause  the  original  formula .  .  will  thea  be 

J  dyjx*  +  y- 

•  r— .1 " 
greater  than  ».    Thi§  will  give  i  =  .^    •—--==.    Each 

of  these  forms  has  its  advantages  when  applied  to  par- 

•• 

a  » 
Ucular  cases.    Each  of  them  also  gives  i  = — -—===== 

when  the  curvature  is  such  as  is  in  precise  equilibrium. 
Andy  lastly,  if  d  be  constant,  that  is,  if  the  vaulting  be 
of  uniform  thickness,  we  obtain  the  form  of  the  curve, 
because  then  the  relation  of  op  to  x  and  to  ^  is  given. 

The  chief  use  of  this  analjsis  is  to  discover  what 
curves  are  improper  for  domes,  or  what  portions  of  given 
curves  maj  be  employed  with  safety*  Domes  are  gene- 
rally built  for  on>ament ;  and  we  see  that  there  is  great 
room  for  indulging  our  fancy  in  the  choice.  All  curves 
which  are  concave  outwards  will  give  domes  of  great 
firmscas :  They  are  ako  beautiful  The  Gothic  dome, 
whose  outline  is  an  andulatad  curve,  may  be  made  abun- 
dantly firm»  especially  if  the  upper  part  be  convex  and  the 
lower  concave  outwards. 

The  chief  difficulty  in  the  case  of  this  analysis  arisea 
from  the  necessity  of  expressing  the  weight  of  the  in* 

cumbentpart,  or*/  dy^  x^  +Jf*«  Thb  requires  the 
measurement  of  the  conoidal  surface,  which,  in  most 
eases,  can  be  had  only  by  approximation  by  means  of 
'infinite  terieses.  We  cannot  expect  that  the  generality 
of  praotical  builders  are  familiar  with  this  branch  of  ma- 
thematicB,  and  therefore  will  not  engage  in  it  here ;  but 
content  ourselves  with  giving  such  instances  as  can  be  un- 
<4erBtood  by  such  as  have  that  moderate  mathematical 
kaowlodge  whioh  every  man  ihould  possess  who  takes  the 
name  of  enginear. 
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The  Autface  of  any  circular  portion  of  a  ^here  is  verj 
easily  bad,  being  equal  to  the  circle  described  with  % 
radius  equal  lo  the  chord  of  half  the  arch.     This  radius 

is  evidently  =  v  *"  +  ^*- 

In  order  to  discover  what  portion  of  the  hemisphere 
may  be  employed  (for  it  is  evident  that  we  cannot  em- 
ploy the  whole)  when  the  thickness  of  the  vaulting  ft 
uniform,   we  may  recur  to  the  equation,   or  formula 

d  y  xjx^   +  y*  _y-  ^^  J  ;,  ^  ^,     Let  a  be  the 

X 

radius  of  the  hemisphere.  We  have  i  =  — =—==»    «*d 

X  =   ^  I  |.  Substituting  these  values  in  the  formula, 

we  obtain  the  equation  y*  Y  a*  —y*  =^J y/'^rzlr^'  ^^ 
easily  obtain  the  fluent  of  the  second  member  =  a' 

—  a*  /a*  — y\  and  j^  =  a  sj  —  i  +  VT  Therefore 
if  the  radius  of  the  sphere  be  1,  the  half  breadth  of  the 

dome  must  not  exceed  ^  •*-  i  +  V  |>  or  0,786,  and  the 
height  will  be  618.  The  arch  from  the  vertex  is  about 
51®  49^  Much  more  of  the  hemisphere  cannot  stand, 
even  though  aided  by  the  cement,  and  by  the  friction  of 
the  coursing  joints.  This  last  circumstance,  by  giving 
connection  to  the  upper  parts,  causes  the  whole  to  preas 
more  vertically  on  the  course  below,  and  thus  diminishes 
the  outward  tlurust ;  but  it  at  the  same  time  diminishes 
the  mutual  abutment  of  the  vertical  joints,  which  is  a 
great  cause  of  firmness  in  the  vaulting.  A  Gothic  dome, 
of  which  the  upper  part  is  a  portion  of  a  sphere  not  est- 
ceeding  45®  from  the  vertex,  and  the  lower  part  io 
concave  outwards,  will  be  very  strong,  and  hot  un« 
gj'aceful. 
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*  <ild  But  the  public  taste  has  long  r^eefied  this  fomiy 
and  seems  rather  to  select  more  elevated  demes  than  thb^ 
portion  of  a  sphere;  because  a  dome,  when  seen  from  a 
small  distaoce,  always  appears  flatter  than  it  really  is. 
The  dome>of  St  Peler^s  is  nearly  an  ellipsoid  externally, 
of  whic^  the  longer  axisi  iar  perpendicular  to  the  horlion^ 
It  is  very  ingeniously  ooastruetcd.     It  springs  from  tlm^ 
base  perpendicularly,  and  ifk  very  thick  ia  thi»  pavt.   After 
rising  about  50  feet,  the  vaulting  separates  into  two  tbiar 
iFttultiags,    which   graduiedly  separate '  firom  eadi  others 
These  two  sheila  are  connecied  together  by  thin  partitions^ 
which  are  very  artificially  dovetailed  in  hoAy  and  thuflt 
form  a  covering  which  is- extremely  stiff,  while  it  is  very^ 
light    Its  great  stif&iess  wsa  necessary  for  enalilix)g  th& 
crown  of  the  dome  to .  carry  the  elegant  stone  lanthero 
with  safety.     It  is  a  wonderful  performance,  and  has  not 
its  eqi^l  in  the  world ;  but  it  is  an  enoifmoHs  load  in 
comparison  with  the  dome  qf  St  PauFs,  and  this  even  in- 
dependent of  the  difference  of   size.     If  they  were  of 
equal  dimensions.  It  ^ould  be  at  least  five  times  as  heavy, 
and  is  not  so  firm  by  Its  gravity ;  but  as  it  is  connected 
in  every  part  b^y  i^*on  Jwrs  (lodged  in  the  solid  masonry, 
and  w€|ll  Becu;red  from-  the  if  eather  by  having  lead  melted 
all  roun^^  tbem),  it  bids  fair  to  last  fof  ages,  if  the  foun- 
dations do  qot  faiL 

If  a  circle  be  described  round  a  centre  placed  anywhere 
in  the  tffaRavtoiei  atiA  AG  (Fig.  19.  No*  ].)  of  an  ellipse^ 
90  as  to  toueh  the.eUipse  in  the  extremities  B,  6,  of  an 
ordinalie,  it  will  touch  it  iliternally,  aiid  the  circular  arch 
Ba  &  will  be  wholly  within  the  elliptical  arch  B  A  ft. 
Therefltre,  if  an  elliptidsl  and  a  spberioal  vaulting  spring 
from  the  sane  base,«  at  the  same- angle  with  the  horizony 
thespfcerioal  vaulting  will  be  within  the  elliptical,  will  be 
flatter  and  iighter,  and  therefore  the '  weight  of  the  n^ct 
course  below  will  bear  a  greater  proportion  to  the  thrust 
in  the  direction  of  the  curve ;  consequently  the  spherical 

VOIi.  I.  8  T  • 
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▼uniting  win  bare  more  stability.  On  the  ciontniiy,  mhi 
for  similar  reasons,  an  oblate  elliptical  raulting  is  .prefer^ 
able  to  a  spherical  vaulting  springing  with  the  same  incli- 
nation to  the  horizon.    (See  Fig.  18.  No.  2.) 

611.  Persuaded,  that  what  has  been  said  on  the  subject 
convinces  the  reader  that  a  vaulting.perfectlj  equilibra- 
ted throughout  is  by  no  means  the  best  form,  provided 
that  the  base  is  secured  from  separating^  we  think  it  im^ 
tteoessary  to  give  the  investigation  of  that  form,  whicli 
has  a  considerable  intricacy;  and  shall  content  aanelwe» 
with  merely  stating  its  dimensions.  The  thickness  is  sup- 
posed uniform.  The  numbers  in  the  first  ccrfunm  of  the 
table  express  the  portion  of  the  axis  counted  from  the 
vertex,  and  those  of  the  second  column  are  the  lengths  of 
the  ordinates. 


AD 

DB 

1  ""^ 

DB 

AD 

DB 

0,4. 

100 

610,4 

1080 

2990 

1560 

d,4 

200 

744 

1140 

944* 

1600 

11,4 

300 

904 

1200 

3972  1  1640  1 

26»6 

400 

1100 

1260 

4432 

1670 

52,4 

500 

1336 

1320 

49^2 

1700 

91,4 

600 

1522 

1360 

5336 

1720 

146,8 

700 

1788 

1400 

5756 

1740 

223,4 

800 

1984 

1440 

6214 

1760 

326,6 

900 

2270 

1480 

6714 

1780 

465,4 

1000 

2602 

1520 

7260 

1800 

;  The  curve  delineated  in  Fig.  19*  is  formed  according  td 
these  dimensions,  and  appears  destitute  of  gracefulaess) 
because  its  curvature  changes  abruptly  at  a  Kttle 
from  the  vertex,  so  that  it  has  some  appeanoKC  of 
made  up  of  different  curves  pieced  together.  Bui  if  the 
middle  be  occupied  by  a  lanthern  of  equal,  or  of  smaller 
weight,  this  defect  will  cease,  and  the  whole  will  be  ele« 
gant,  nearly  resembling  the  exterior  dome  of  St  FauPs  in 
London. 
^12.  It  is  not  a  small  advantage  of  dome«  vaulting  thai 
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a  \i  tighter^ than  any  that  can  cover  the  samfe  area.  If^ 
moreoTer,  it  be  spherical,  it  will  •  admit  considerable  va^ 
rieties  of  figure,  by  combining  different  spheres.  Thus^- 
a  dome  may  begin  fVom  its  base  as  a  portion  of  a  large, 
hemisphere,  and  may  be  broken  off  at  any  horizontal: 
course,  and  then  a  similar  or  a  greater  portion  of  a  smak 
ler  sphere  .may  spring  from  this  course  as  a  base  It 
also  bears  being  intersected  by  cylindrical  vaultings  i& 
erery  direction,  and  the  intersections  are  exact  circles^ 
and  always  have  a  pleading  effect.  It  ako  springs  mort 
gracefully  from  the  heads  of  small  piers,  or  from  the 
comers  of  rooms  of  any  polygonal  shape ;  and  the  arches 
formed  by  its  intersections  with  the  walls  are  always  cm 
cular  and  graceful,  forming  very  handsome  spandrels  in 
every  position.  For  these  reasons^  Sir  Christopher  Wren 
employed  it  in  all  hu  vaultings,  and  he  has  exhibited 
many  beautiful  varieties  in  the  transepts  and  the  aisles  of 
St  Paul'^Sy  which  are  highly  worthy  of  the  observation  of 
architects.  Nothing  can  be  more  graceful  than  the  vault- 
ings at  the  ends  of  the  north  and  south  transepts,  espe- 
tially  as  finished  off  in  the  fine  inside  view  published  by 
Crwynn  and  Wale. 

613.  We  conclude  this  article  with  observing,  that  the 
connection  of  the  parts,  arising  from  cement  and  from 
frictiocf,  hai|  a  great  effect  on  dome-vaulting.  Ih  the 
same  way  as  in  common  arches  and  cylindrical  vaulting, 
it  enables  an  overload  oti  one  place  to  break  the  dome 
in  a  distant  place.  But  the  resistance  to  this  effect  is 
much  greater  in  dome*vaulting,  because  it  operates  all 
round  the  overloaded  part.  Hence  it  happens  that  domes 
are  much  less  shattered  by  partial  violence,  such  as  the 
falling  of  a  bomb  or  the  like.  Large  holes  may  be  broken 
in  them  without  much  affecting  the  rest;  but,  on  the 
other  hand,  it  greatly  diminishes  the  strength  which 
should  be  derived  from  the  mutual  pressure  in  the  verti* 
eal  joints.    Friction  prevents  the  sliding  in  of  the  arch 
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•tones  which  prodoces  this  mutual  pressure  in  the  verti- 
cfti  joints,  except  in  the  very  highest  courses,  and  even 
there  it  greatljr  diminishes  it     These  causes  make   a 
great  change  in    the  form    which  gives   the   greatest 
itrength ;  and  as  their  laws  of  action  are  still  but  yery 
imperfectly    understood,    it  is    perhaps    imposnble,    in 
die  present  state  of  our  knowledge,   to   detennine  thia 
Sana  with  tolerable  precision.    We  see  plainly,  hQwever^ 
that  it  allows  a  greater  deviation  from  the  best  form  than 
tiie  other  kind  of  vaulting,  and  domes  may  be  made  to 
rise  perpendicular  to  the  horizon  at  th^  base,  although  of 
BO  great  thiclnfiess  ;  a  thing  which  must  not  be  attempted 
in  a  plane  arch.     The  immense  addition  of  strength 
which  may  be  derived  from  hooping,  largely  compensates 
for  all  defects ;  and  there  is  hardly  any  boundi  to  the  ex- 
tent to  which  a  very  thin  dome  vaulting  may  be  carried^ 
Ivfaen  it  is  hooped  or  framed  in  the  direction  of  the 
Itoriflbntal  courses.  * 


"  For.  full  dtacrfptioTa  ud  drtwingy  of  the  priadpil  arelies  whicii  h»re 
%een  made  of  cast  iron,  and  for  a  New  Theory  of  Archea*  the  reader  m 
$titned  to  the  EoiMBuaoH  £mcyciiOpjbou»  Art.  BaiAoi.    Bo. 
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or 


CENTRES  FOR  BRIDGES. 

614.  Center,  or  Centre,  is  a  word  borrowed  from  th« 
French  name  ceintre  or  cintrCf  given  to  the  frame  of  tim« 
ber  by  which  the  brick  or  stone  of  arched  iraulting  is  sup- 
ported during  its  erection,  and  from  which  it  receives  iti 
form  and  curvature. 

615.  It  is  not  our  intention  to  describe  the  varietur 
of  constructions  which  may  be  adopted  in  situations, 
where  the  arches  are  of  small  extent,  and  where  suffi- 
cient foundation  can  be  had  in  everj  part  of  it  for  sup- 
porting the  frame.  In  such  cases,  the  frequency  of  the 
props  which  we  can  set  up  dispenses  with  much  care ; 
and  a  frame  of  very  slight  timbers,  connected  together 
in  an  ordinary  way,  will  suffice  for  carrying  the  weight, 
and  for  keeping  it  in  exact  shape..  But  when  the  arches 
have  a  wide  span,  and  consequently  a  very  great  weight, 
and  when  we  cannot  set  up  intermediate  pillars,  either 
for  want  of  a  foundation  in  the  soft  bottom  of  a  river, 
or  because  the  arch  is  turned  between  two  lofty  piers^^ 
as  in  the  dome  of  a  stately  cathedral-*we  are  then  obli- 
ged to  rest  every  thing  on  the  piers  themselves ;  and  the 
framing  which  is  to  support  our  arch  before  the  keystone 
is  set,  must  itself  be  an  arch,  depending  on  the  mutual 


662  ON  THE  COKStRUCTION  OF 

abutment  of  its  beame.  One  should  tliink  that  this  yiew 
of  the  construction  of  a  centre,  naturally  derived  from  the 
erection  it  was  to  assist,  would  have  been  suggested  by  the 
slightest  consideration :  but  it  has  not  been  so.  When 
intermediate  pillars  were  not  employed,  it  was  usual  to 
frame  the  mould  for  the  arch  with  little  attention  to  any 
thing  but  its  shape,  and  then  to  cross  it  and  recross  it  in 
all  directions  with  other  pieces  of  timber,  till  it  wa^ 
thought  so  bound  together  that  it  could  be  lifted  in  anj 
position,  and,  when  loaded  with  any  weight,  could  not 
change  its  shape.  The  frame  was  then  raised  in  a  lump, 
like  any  sojid  body  of  the  same  shape,  and  set  u^  its  place. 
This  is  the  way  still  practised  by  many  country  artists^ 
who,  having  no  clear  principles  to  guide  them,  do  not  stop^ 
till  they  have  made  a  load  pf  timber  almost  equal  ta  th^ 
weight  which  it  is  to  carry. 

But  this  artless  method,  besides  leading  the  employer 
into  great  expence,  is  frequently  fatal  to  the  undertaker, 
from  the  unskilfuhiess  of  the  construction.  The  beany 
which  connect  its  extremities  are  mad^e  also  to  support 
the  middle  by  means  of  posts  which  rest  on  them.  The^ 
are  therefore  exposed  to  a  transverse  or  cross  strain, 
which  they  are  not  able  to  bear.  Their  number  must 
therefore  be  increased,  and  this  increases  thje  load.  Sonie 
of  these  cross  strains  are  deriyed  from*  beains  which  ai^e 
pressed  very  obliquely,  and  therefore  exert  a  prodigious 
thrust  on  their  supports.  The  beams  are  also  greatly 
weakened  by  the  mortices  which  are  cut  in  them  to  re- 
ceive the  tenons  of  the  crossing  beams:  and  thus  the 
whole  is  exceedingly  weak,  compared  with  what  it  might 
have  been,  by  a  proper  disposition  of  the  same  quantity 
of  timber. 

616.  The  principles  from  which  we  are  to  derive  this 
disposition  are  the  general  mechanical  principles  of 
carpentry,  of  which  we  have  given  already  some  ac- 
count.    These  furnish  one  genial   rule :     Wh^n    we 
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\¥oM  give  the  utmost  strength  possible  to  a  frame  of 
earpentiy,  every  piece  should  be  so  disposed  that  it  is 
subject  to  no  strain  but  what  either  pushes  or  draws  it  in 
the  direction  of  Us  length ;  and,  if  we  would  be  indebted 
to  timber  alone  for  the  force  or  strength  of  the  centre,  we 
must  rest  all  on  the  first  of  these  strains ;  for  when  th^ 
straining  force  tends  to  draw  a  beam  out  of  its  place,  it 
must  be  held  there  bj  a  mortise  and  tenon,  which  possesses 
but  1^  very  trifling  force,  or  by  iron  straps  and  bolts« 
Case^  qipeur  where  it  may  be  very  difficult  to  make  every 
strain  a  thrust,  and  the  best  artists  admit  of  ties ;  and  in- 
deed where  we  can  admit  a  tie-beam  connecting  the  two 
feet  of  our  frame,  we  need  seek  no  better 'security.  But 
this  may  sometimes  b^  very  incqnvenient.  When  it  is 
the  ^1*911  of  a  bridge  that  we  are  to  support^  such  a  tie- 
beam  would  totally  stop  the  passage  of  spiall  craft  up  and 
down  the  river.  It  would  often  be  in  the  water,^  and 
thus  exposed  to  the  most  fatal  accidents  by  freshes,  be. 
Interrupted  ties,  therefore,  myst  be  employed,  whose 
joint  or  meetings  must  be  supported  by  something  analo- 
gous to  the  king-posts  of  roofs.  When  this  ia  judiciously 
done,  the  security  is  abundantly  goo(l.  But  great  judg- 
ment is  necessary,  and  a  very  scrupulous  attention  to  the 
disposition  of  the  pieces.  It  is  by  no  means  an  easy  mat^ 
ter  to  discern  whether  a  beam,  which  makes  a  part  of  our 
centre^  is  in  a  state  of  compression  or  in  a  state  of  exten- 
sion. In  some  works  of  the  most  eoiinent  carpenters 
even  of  this  day,  we  see  pieces  considered  as  struts  (and 
considerable  dependence  had  on  them  in  this  capacity), 
while  they  are  certainly  performing  the  office  of  tie- 
beams,  and  should  be  secured  accordingly.  This  was  the 
ease  in  the  boldest  centre,  we  thiuk,  that  has  been  exe- 
cuted in  Europe,  that  of  the  bridge  of  Orleans,  by  Mr 
Hupeau.  Yet  it  is  evidently  of  great  consequence  not  to 
be  mistaken  in  this  point ;  for  when  we  are  mistaken,  tL^fi 
the  piece  is  stretched  which  we  imagine  to  be  compressed^ 
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we  not  only  are  deprived  of  softie  suppoH  that  w^  es-> 
peeled,  but  the  expected  support  has  become  an  addi^ 
tional  'load. 

617.  To  ascertain  this  point,  we  may  suppose  the  piers 
to  yield  a  liitle  to  the  pressure  of  the  archstones  on  the 
centre  frames.  The  feet,  therefore,  fly  outwards,  and  the 
shapHe  is  aftered  by  the  sinking  of  the  crown.  We  must 
draw  our  frame  anew  for  this  new  state  of  things,  and 
must  notice  what  pieces  must  be  made  longer  than  be- 
f<n%.  All  such  pieces  have  been  acting  the  part  of  tie-- 
beams. 

But  a  centre  has  still  another  office  to  sustain ;  it  must 
keep  the  arch  in  its  form ;  that  is,  while  the  load  on  the 
centre  is  continually  increasing,  as  the  masons  lay  on 
more  courses  of  archstones,  the  frame  must  not  yield  and 
go  out  of  shape,  sinking  under  the  weight  on  the  hannches, 
and  rising  in  the  crown,  which  is  not  yet  carrying  any 
load.  The  frame  must  not  be  supple  ;  and  must  derive 
its  stiffness,  not  from  the  closeness  and  strength  of  its 
joints,  which  are  quite  insignificant  when  set  in  competi* 
tion  with  such  immense  strains,  bat  from  struts  or  ties, 
properly  disposed,  which  hinder  any  of  the  angles  from 
changing  its  amplitude. 

618.  It  is  obvious,  from  all  that  has  been  said,  that  the 
strength  and  stiffness  of  the  whole  must  be  found  in  the 
triangles  into  which  this  frame  of  carpentry  may  be  re- 
solved. We  have  seen  that  the  strains  which  one  ^ece 
produces  on  two  others  with  which  it  meets  in  one  point, 
depends  on  the  angles  of  their  intersection ;  and  that  it 
is  greater  as  an  obtuse  angle  is  more  Obtuse,  or  an  acute 
angle  more  acute.  And  this  suggests  to  us  the  general 
maxim,  *<  to  avoid  as  much  as  possible  all  tery  -obtuse 
angles.'*  Acute  angles,  which  are  not  necessarily  accom* 
panied  by  obtuse  ones,  are  not  so  hurtful;  because  the 
f  train  here  can  never  exceed  the  straining  force ;  whereas. 
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in  the  cask  of  an  obtuse  angle,  it  maj  ^i^ass  it  in  ianf 
degree. 

Such  are  the  general  rules  on  this  eubject.    Although 
fomething  of  the  mntital  abutment  of  timbers,  and  the 
jiupport  derived  from  it,  has  been  long  perceived,  and  on^ 
ployed  by  the  carpenters  in  roofing,  and  also,  donbtless^ 
in  the  forming  of  centres,  yet  it  is  a  matter  of  historioBi 
fact,  that  no  general  and  distinct  rievrs  had  been  taken  of 
it  till  about  the  beginning  of  this  century,  or  a  little  ear- 
lier.   Fontami  has  preserved  the  figure  of  the  frames  on 
mhkh,  the  arches  of  St  Feter^'s  at  Rome  were  turned. 
The  one  employed  for  the  dome  is  constructed  with  very 
little  skill ;    and  those  for  thc^  arches  of  the  nave  and 
transepts,  though  incomparably  superior,  and  of  consider- 
able simplicity  and  strength,'  are  yet  far  inferior  to  othei% 
which  have  been  employed  in  later  times.    It  is  much 
to  be  regretted,  that  no  trace  remains  of  the  forms  em- 
ployed by  the  great  architect  and  consummate  mechaC- 
nidan  Sir  Christopher  Wren.    We  should  doubtless  hare 
seen  in  them  every  thing  that  science  and  great  sagacity 
jcould  suggest    We  are  told,  indeed,  that  his  centering 
for  the  dome  of  St  PauPs  was  a  wonder  of  its  kind ;  be- 
gun in  the  air  at  the  height  of  160  feet  from  the  ground^ 
and  without  making  use  of  even  a  projecting  corniche 
wheremi  to  rest  it. 

619.  The  earliest  theory  of  the  knid  that  we  have  met 
with,  that  is  proposed  on  sckntific  principles,  and  with 
the  express  purpose  of  serving  as  a  lesson,  are  two  centres 
by  M.  Pitot  about  the  beginning  of  this  century.  As 
they  have  considerable  merit  (greatly  resembling  those 
employed  by  Michael  Angelo  in  the  nave  of  St  Peter^s), 
and  afibrd  some  good  maxims,  we  shall  give  a  short  ac- 
count of  them. 

What  we  shall  describe  under  the  name  of  a  centre  is, 
propetly  speaking,  only  one  fV'ame,  truss,  or  rib,  of  a 
centre.    They  are  set  up  in  verticad  planes,  paralld  to 


•M  OK  TH9  CONSTRUCnOH  OF 

•sell  other,  at  the  distance  of  5,  6,  7,  or  8  fe^  like  tb0 
trasses  or  main  eoui^es  of  a  roof.  Bridging  joists  are 
laid  across  them.— In  smaller  works  these  are  laid  spa- 
ringly, but  of  considerable  scantling,  and  are  boarded 
QTcr ;  but  for  great  arches,  a  bridging  joist  is  had  for 
every  course  of  arch  stones,  with  blockings  between  to 
keep  them  at  their  proper  distances.  The  stones  are 
not  laid  immediately  on  these  joists,  but  beams  of  soft 
wood  are  laid  along  each  joist,  on  which  the  stone  is 
laid.  These  beams  are  afterwards  cut  out  with  the  chis- 
sel,  in  order  to  separate  the  centre  firom  the  ring  of 
stones,  which  must  now  support  each  other  by  their  mu- 
tual abutment 

620.  The  centre  is  distinguishable  into  two  parts,  ALLB 
(PL  XI.  Fig.  1.)  and  LDL,  which  are  pretty  independent 
of  each  other,  or  at  least  act  separately.  The  horisontal 
Strbtcbkr  LL  cuts  the  semicircle  ADB  half  way  be- 
tween the  spring  and  the  crown  of  the  arch  ;  the  arches 
ALf  LD,  being  45^  each.  This  stretcher  is  divided  in 
the  same  proportion  in  the  points  G  and  H;  tliat  is, 
6H  is  one  hlilf  of  LL,  and  L6,  HL,  are  each  one- 
fourth  of  LL  nearly^  Each  end  is  suf^rted  by  two 
Struts  EI,  GI,  which  rest  below  on  a  Sole  or  Ban  pro- 
perly supported.  The  interval  between  the  head^  of  the 
struts  GI,  HE,  is  filled  up  by  the  Strahumq  Bkam 
6H,  abutting  in  a  prqier  manner  on  the  stmts  (see 
Carpsmtry.  The  extremities  L,  L,  are  united  in  like 
manner  by  butting  joints,  with  the  heads  of  the  outer 
struts.  The  Arch  Moulds  AP,  BP,  are  connected  with 
the  struts  by  cross  pieces  PQ,  which  we  shall  call  Bmulbs, 
which  come  inwards  on  each  side  of  the  struts,  being 
double,  and  tfe  \filiei  to  them.  This  may  be  called  the 
lower  part  of  the  firame.  The  upper  part  consists  of  the 
king-post  DR,  supported  on  each  side  by  the  two  struts 
or  braces  ML,  ON,  mortised  into  the  post,  and  also  mof- 
twd  into  the  stretcheri  at  the  points  L,  N^  where  it  is 
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iupported  by  tbe  struts  below.  The  arches  LD,  LD,  are 
connected  with  the  struts  by  the  bridles  P,  Q,  in  tbe  same 
manner  as  below. 

621.  There  is  a  great  propriety  in  many  parts  of  this 
arrangement.     The  lower  parts  or  haunches  of  the  arch 
press  very  lightly  on  the  centres.    Each  archstone  is  ly- 
ing on  an  inclined  plane,  and  tends  to  slide  dowq  'only 
with  its  relative  weight ;  that  is,  its  weight  is  to  its  ten- 
dency to  slide  down  the  joint  as  radius  is  to  the  sine  of  ele- 
ration  of  the  joint.    Now  it  is  only  by  this  tendency  to 
slide  down  the  joint  that  they  press  on  the  centering, 
which  in  every  part  of  the  arch  is  perpendicular  to  thi& 
joint :  But  the  pressure  on  the  joint,  arising  from  this 
cause,  is  much  less  than  this,  by  reason  of  the  friction  of 
the  joints.    A  block  of  dry  freestone  will  not  slide  down 
at  all ;  an4  therefore  will  not  press  on  the  centering,  if 
the  joint  be  not  elevated  35  degrees  at  least.    Bhi  the 
archstones  are  not  laid  in  this  manner,  by  sliding  them 
'    down  along  the  joint,  but  are  laid  on  the  centres,  and 
slide  down  their  slope,  till  they  touch  the    blocks  on 
which  they  are  to  rest;    so  that,   in  laying  the  arch- 
'  stones,  we  are  by  no  means  allowed  to  make  the  great 
deduction  from  their  weight  just  now  mentioned,  and 
which  Mr  Couplet  prescribes  (Mem.  Acad.  Par.  1729). 
But  there  is  another  cause  which  diminishes  the  pressure 
on  the  centres ;  each  block  slides  down  the  planks  on 
which  it  is  laid,  and  presses  on  the  block  below  it,  in  the 
direction  of  the  tangent  to  the  arch.    This  pressure  is 
transmitted  through  this  block,  in  the  same  direction,  to 
the  next,  and  through  it  to  the  third,  &c.    In  this  man* 
ner,  it  is  plain,  that,  as  the  arch  advances,  there  is  a  tan- 
gential pressure  on  the  lower  archstones,  which  diminishes 
their  pressure  on  the  frame,  and,  if  sufficiently  great,  might 
even  push  them  away  from  it.    Mr  Couplet  has  given  an 
analysis  of  this  pressure,  and  shews,  that  in  a  semicircular 
(urch  of  uniform  thickness,  none  of  the  arch  stones  belq\|fr 
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SO*  press  on  the  frames.  But  he,  without  sajittg  so,  c^ 
culates  on  the  supposition  that  the  blocks  descend  aloog 
the  circumference  of  this  frame  in  the  same,  manner  as  tf 
it  were  perfectly  smooth.  As  this  is  far  from  being  the 
case,  and  as  the  obstructions  are  to  the  last  degree  vari- 
ous and  irregular,  it  is  quite  useless  to  institute  any  cal- 
culaiion  on  the  subject.  A  little  reflection  will  convince 
the  reader,  that  in  this  case  the  obstruction  arising  from 
friction  mttst  be  taken  into  account,  and  that  it  miui  not 
be  taken  into  account  in  estimating  the  pressure  of  each 
auccessive  course  of  stones  as  they  are  lud.  It  is  enough 
that  we  see  that  the  pressure  of  the  lower  courses  of  ardi- 
stones  on  the  frame  is  diminished.  Mr  Couplet  says, 
that  the  whole  pressure  of  a  semicircular  arch  is  but  ^ths 
of  its  weight;  but  it  is  much  greater,  for  the  reason  just 
now  given. 

622.  We  have  tried,  with  a  weU  made  wooden  model 
(of  which  the  circumference  was  rubbed  with  black  lead 
to  render  it  more  slippery),  whether  any  part  of  the 
wooden  blocks  representing  the  archstones  were  detached 
from  the  frame  by  the  tangential  pressure  of  the  superior 
blocks ;  but  we  could  not  say  confidently  that  any  were 
so  detached.  We  perceived  that  all  kept  hold  of  a  thin 
slip  of  Chinese  paper  (also  rubbed  with  black  lead)  be- 
tween them  and  the  frame,  so  that  a  sensible  force  was 
required  to  pull  it  out.  From  a  combination  of  circum- 
stances, which  would  be  tedious  to  relate,  we  beliere  that 
the  centres  carry  more  than  two>thirds  of  the  weight  of 
the  arch  before  the  keystone  is  set.  In  elliptical  and 
lower  pitched  circular  arches,  the  proportion  is  still 
greater. 

It  seems  reasonable  enough,  therefore,  to  dispose  the 
framing  in  the  manner  proposed  by  Fitot,  directing  the 
main  support  to  the  upper  mass  of  the  arch,  which  presses 
most  on  the  frame.    We  shall  derive  another  advantage 
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firom  this  constrttctioD,  which  has  not  occurred  to  Mr 
Pitot 

There  ie  an  endent  proprietj  in  the  manner  in  which 
he  has  distributed  the  supports  of  the  upper  part  The 
struts  which  carry  the  king^post  spring  from  those  points 
of  the  stretcher  where  it  rests  on  the  struts  below :  thus 
the  stretcher,  on  which  all  depends,  bears  no  transverse 
strains.  It  is  stretched  by  the  strut  above  it,  and  it  is 
compressed  in  a  small  degree  between  the  struts  below 
it^  at  least  bj  the  outer  ones.  Mr  Pitot  proposes  the 
straining  beam  GH  as  a  lateral  support  to  the  Stretcher, 
which  may  therefore  be  of  two  pieces :  but  although  it 
does  augment  its  strength,  it  does  not  seem  necessary  for 
it.  The  stretcher  is  abundantly  carried  by  the  strap, 
which  may  and  should  suspend  it  from  the  king>post. 
The  great  use  of  the  straining  piece  is  to  give  a6rm  abut- 
ment to  the  'inner  struts,  without  allowing  any  lateral 
strain  on  the  stretcher.  N.  B.  Great  care  must  be  takett 
to  make  the  bold  sufficiently  firm  and  extensive  be^ 
tween  the  stretcher  and  the  upper  struts,  so  that  its  cohe- 
sion to  cesist  the  thrusts  from  these  struts  may  be  much 
employed. 

'  The  only  imperfection  that  we  find  in  this  frame  is  the 
lateral  strains  which  are  brought  upon  the  upper  struts 
by  the  bridles,  which  certainly  transmit  to  them  part  oi 
the  weight  of  the  archstones  on  the  curves.  The  space 
between  the  curves  and  ML  should  also  have  been  trussed. 
Mr  Pitot^s  form  is,  however,  extremely  stiflT;  and  the 
-causing  tfale  middle  bridle  to  reach  doWn  to  the  streibcher, 
-seems  to  secure  the  upper  struts  from  all  risk  of  bend- 
ing- 

This  centre  gives  a  very  distinct  view  of  the  offices  of 

all  the  parts,  and  makes  therefore  a  proper  introduc- 
tion to  the  general  subject.  It  is  the  simplest  that  can 
be  in  its  principle,  because  all  the  essential  parts  are  sub- 
jected to  one  kind  of  stitiin.    The  stretcher  LL  is  the 
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wly  exception,  and  its  extension  is  rather  a  coUai^^l  cir* 
cumstance  than  a  step  in  the  general  support 

623.  The  examination  of  the  strength  of  the  frame  is 
extremely  easy.  Mr  Pitot  gives  it  for  an  arch  of  60  feet 
span,  and  supposes  the  ardhstones  7  feet  long,  which  is  a , 
monstrous  thickness  for  so  small  an  arch ;  ♦  feet  is  aa 
abundant  allowance,  but  we  shall  abide  by  his  coostnictioii. 
He  gives  the  following  scantlings  of  the  parts : 

The  ring  or  circumferenee  consists  of  pieces  of  ocik  IS 
inches  broad  and  6  thick. 

The  stretcher  LL  is  12  inches  square. 

The  straining  piece  GH  is  also  12  by  19. 

The  lower  struts  10  by  8. 

The  king^st  12  by  12. 
.    The  upper  struts  10  by  6^ 

The  bridles  20  by  8. 

These  dimensiods  are  French,  which  is  about  ^^th 
larger  than  ours,  and  the  superficial  dimensions  (by  which 
the  section  and  the  absolute  strength  b  measured)  is  al- 
most Jth  larger  than  ours.  The  cubic  foot,  by  which  the 
stones  are  measured,  exceeds  ours  nearly  |th.  The  pound 
is  deficient  about  ^i^th.  But  since  very  nice  calculation  ia 
neither  easy  nor  necessary  on  this  subject,  it  is  needless  to 
depart  from  the  French  measures^  which  would  occasioii 
many  fractional  parts  and  a  troublesome  reduction. 

The  arch  is  supposed  to  be  built  of  stone  which  weighed 
160  pounds  per  foot  Mr  Pitot,  by  a  eomputatioh  (ib 
which  he  has  committed  a  mistake),  says,  that  only  \\\ia 
of  this  weight  is  carried  by  the  frame.  We  belieire,  how- 
ever, that  this  is  nearer  the  truth  than  Mr  Couplet's  as- 
sumption of  Jths,  already  mentioned. 

Mr  Pitot  farther  assumes,  that  a  square  inch  of  sound 
oak  will  carry  8640  pounds.  By  his  lang^iage  we  should 
imagine  that  it  will  not  carry  much  more  :  but  this  is  very 
far  below  the  strength  of  any  British  oak  that  we  have 
tried;  |o  far^  indeed,  that  w«  rather  imagine  that   he 
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Ib^atts  tbat  this  load  may  be  laid  on  it  with  perfect  secii^ 
tity  for,  an  J  time.  Bat  to  compensate  for  knots  and  other 
aiocidental  imperfections,  he  assumes  7200  as  the  metoare 
of  its  absolute  force. 

He  computes  the  load  on  each  firame  to  be  7O7S80 
pounds,  which  he  reduces  to  l^ths,  or  555908  poundi. 

The  absolutfe  force  of  each  of  the  4ower  struts  li 
M6000  (at  7200  per  inch),  and  that  of  the  curretf 
SI8400.  Mr  Pitot,  considering  that  the  curres  wte  kept 
from  bending  outwards  by  the  arch  stones  which  press  on 
them,  thinks  that  they  may  be  considered  as  acting  pre» 
cisely  as  the  outer  sruts  EI.  We  have  no  objection  to 
this  supposition. 

084.  With  these  data  we  may  compute  the  load  whidi 
the  lower  truss  can  safely  bear  by  the  rule  ddivered  in 
our  treatise  on  Carpentry.  We  therefore  proceed  as  foU 
lows: 

Measure  off  by  a  scale  of  equal  parts  a  s,  a  f ,  each 
576000,  and  add  t  v  518400.  Complete  the  paraUdoi- 
gram  a  v  or «,  and  draw  the  vertical  x  c,  meeting  the  ho^ 
^rizontal  line  a  C  in  c.  Make  e  b '  equal  to  c  o.  Join  «  6, 
and  complete  the  parallelogram  ax  by.  It  is  evident 
that  the  diagonal  xy  will  represent  the  bad  which  thesa 
pieces  cati  carry ;  for  the  line  av  h  the  united  force  of 
the  curve  AP  and  the  strut  IE,  and  a  s  is  the  strengtk 
of  16.  These  two  are  equivalent  to  a  «  ;  it  ft  is,  in  like 
manner,  equivalent  to  the  support  on  the  other  side,  and 
!c  y  is  the  load  which  will  just  balance  the  two  supports 
a  X  and  b  x. 

When  xy  is  measured  on  the  same  scale,  it  wiU  be 
found  =  28500(K)  pounds.  This  is  more  than  five  times 
the  load  which  actually  lies  on  the  frame.  It  is  there- 
fore vastly  stronger  than  is '  necessary.  Half  of  each  of 
the  linear  dimensions  would  have  been  quite  sufficient, 
and  the  struts  needed  only  to  be  5  inches  by  4.    £  ven 
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this  w0aM  have  carried  twice  the  "weight,  and  wquM 
have  borne  the  ioAd  really  laid  on  it  with  perfect  safety. 
*  We  proceed  to  measwre  the  strength  of  the  upper  p&rt. 
The  force  of  each  stmt  id  432000,  and  that  of  the  cwre 
is  618400 ;  therefore,  having  drawn  M  f>  parallel  to  the 
strut  ON,  make  M  t>  =  432000,  and  M  «  ==  432000  + 
&18400,  CoBiplete  the  paralielogram  Msrv^  Draw 
the  ihorivontal  line  r  k^  cutting  the  Tertieal  MC  in  k^  and 
naskeAj^ssM^.  It  is  plain,  from  what  was  done  iter 
the  lower  part,  that  M^  y^'^\  measure  the  load  whi^h  can 
be  carried  by  the  upper  part  1'his  will  be  £Mwd 
6$  lIGOOOOi  This  b  also  greatly  superior  to  the  load  ; 
but  not  in  so  great  a  proportion  as  the  other  part.  The 
diief  [tert  of  the  load  lies  on  the  upper  port ;  but  the 
chief  reason  of  the  difTereaee  Js  the  greater  obliquity  of 
thn  upper  struts.  This  shortens  the  diagonfil  Mjf  of  the 
parallelogram  of  forces.  Mr  Pilot  should  have  advert- 
ed to  this;  and  inaltead  of  making  the  upper  struts 
more  slender  than  the  lower,  he  should  have  made  them 
aloutek^ 

. ;  The  strain  on  the  stretcher  LL  is  not  calculated.  It 
ia  measured  by  r  it,  when  M  j/  is  the  load  actually  lying 
aatiie  upper  part.  Less  than  the  sixth  part  of  the  co- 
lieaaDn  of  the  stretcher  is  more  than  lufBcieot  (or  the  iio- 
iTiVoiitttl  thrust ;  and  there  is  i¥i  difficuUy  of  making  the 
laol  joints  of  the  struU  abundantly  strong  for  the  por- 
iMiae. 

4  The  reader  will  perceive  that  the  computation  ju|t 
now  given  does  not  state  the  proportions  of  the  straii^ 
motutify  exerted  on  the  different  pieoes,  but  the  load  on 
the  whole,  .upon  the  supposition  that  each  piece  is  sub- 
jected to  a  strain  proportioned  to  its  strength.  The  other 
ealcuiation  is  much  more  complicated^  but  is  not  neees- 
lary  hera 

This  centre  has  a  very  palpable  defect.     If  the  pien 
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stiDuId  yield  to  the  load^  and  the  feet  of  the  dentre  fly 
out»  the  .lower  part  will  exert  a  very  considerable  strain 
on  the  stretcher,  tending  to  break  it  across  between  N 
and  L,  and  on  this  other  side,  HKF  of  the  lower  part 
is  firmly  bound  together,  and  cannot  change  its  shape, 
and  will  therefore  act  like  a  lever,  turning  round  thl^ 
point  F.     It  will  draw  the  strut  HE  away  from  its  abut- 
ment with  OH,  and  the  stretbh^r  will  be  strained  across 
at  the  pUce  between  H  and  F^  where  it  is  belied  with 
the  bridle.      This  may  be  resisted  in  some  degree  Iqr 
.an  iron  strap  uniting  ON  and  HK ;  but.  there  will  stffl 
be  a  want  of  proportional  strength.     Indeed,  in  aaaidi 
of  such  height  (a  semicircle),  there  is  but  little  risk  of  this 
yielding  of  the  pi«rs ;  but  it  is  an  imperfection. 
.    625«  The  centre  (PL  XI;  Fig.  2.)  is  ^Constructed  on  the 
same  principle  precisely  for  an  elliptical  areh.     The  calcu- 
lation of  its  strength  is  nearly  the  same  also ;  only  the  two 
upper  struts  of  a  side  being  parallel,  the  parallelogram 
}S  s  rv  (of  Fig.  1.)  is  not  needed,  and  in  its  Stead  we 
jneasure  off  on  ON  a  line  to  represent  twice  its  strength. 
This  comes  in  place  of  M  r'  of  Fig.  l.<^iV.  B.  The  cal- 
xulation  proceeds  on  the  supposition  that  the  short  straiiH 
ing  piece  MM  makes  but  one  firm  body  .with  the  king- 
.  post '  Mr  Pitot  employed  this  piece,  we  presume,  to  s^ 
parate  the  heads  of  the  struts,  that  their  obliquity  might 
be  lessened  thereby :   and .  this  is  a  good  thought ;  for 
when  the  angle  formed  by  the  struts  on  each  side  is  very 
open,  the  strain  on  them  becomes  very  great* 

The .  stretcher  of  this  frame  is"  scarfed  in  the  middle 
Suppose  this  joint. to  yield  a  little,  there  is  a  danger  of 
the  lower  strut  ON  losing  its  hold^  and  ceasmg  to  jom  in 
the  support ;  for  when  the  crown  sinks  by  the  lengthening 
of  the  stretcher^  the  triangle  ORN  of  Fig.  2.  will  be  more 
distorted  than  the  space  above  it,  and  ON  will  he  loosened* 
JBat  this  will  not  be  the .  case  when  the  sinking  of  the 
crown  arises  from  the  mere  compression  of  the  stUify* 
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Horwill  it  Ii^ipeB  at  all  in  the  ccatn.  Fig.  1.  On  i3bt 
eMttmty^  ibe  stmt  ON  will  abut  more  innij  bj  the  yieid* 
iftkg  of  the  foot  of  ML. 

The  figure  of  Qm  arch  of  Mr  Pitof  s  consists  of  three 
aidies  of  cirofes9  each  of  00  degrees.  As  it  is  elegant,  it 
wiU  not  be  unaooeptabie  to  the  artist  to  have  a  oonstnuv 
lion  for  this  purpose* 
'  696.  Make  BY  sr  CD,  and  CZ  s:  |  CT.  Describe 
the  seittcirde  ZMY,  and  make  Z6  =  ZM.  S  is  the 
^eentre  of  the  side  arches,  each  of  60  degrees.  The  centre 
T  of  the  arch,  which  unites  these  two»  is  at  the  angle  of  an 
mquOBteral  triangle  STS. 

This  construction'  of  Mr  Pitot^s  nuikes  a  handsome 
bTal,  and  reij  near  an  elHpsis,  but  lies  a  little  without 
6L  We  shaM  add  another  of  our  own,  which  comcidea 
with  the  ellipse  in  eight  points,  sad  furnishes  the  artist, 
hy  the  way,  a  rule  for  drawing  an  hifinite  Fariety  et 
«wals. 

.  Let  AB,  DE  (Fig,  2.  Na  2.)  be  the  axes  of  an  cllqMe» 
.C  the  centre^  and  F,  fi  the  t#o  focL  Make  C  »  s  CD^ 
and  describe  a  circle  A  D  ^  e  passing  throi^  the  three 
given  points  A»  D,  and  k    It  may  be  deaaoastntted,  that 

« 

if  from  onj  point  P  of  the  arch  AD  be  drawn  a  chord 
FD,  and  if  a  line  P  &  r  be  drawn,  asaking  the  angle  DPE 
=:  PDC,  and  meeting  the  two  sses  hi  tiie  points  Rand  r, 
then  R  and  r  will  be  the  centres  of  the  circles,  which  wil 
form  a  quarter  APD  of  an  oval,  which  has  AB  and  DE 
for  its  two  axes. 

We  want  an  oval  which  shall  coincide  as  much  as  pos- 
aiUe  witli  an  eUipais  ?  The  most  likelj  method  for  thu 
it  to  find  the  very  point  P  where  the  ellipsis  cuts  the 
orde  AD  b  e.  The  easiest  way  for  the  artist  is  to  de^ 
scribe  an  arch  of  a  circle  a  m,  having  AB  for  its  radius, 
and  the  remote  focus /for  iU  centre.  Then  set  one  foot 
•of  the  compasses  on  any  point  P,  and  try  whether  the 
distance  PF  from  the  nearest  focus  F  is  exactly  equal  ta 
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its  distande  P  m  from  tkat  circle.  Shifting  die  foot  of 
tbe  compaMeg  from  the  point  of  the  areh  to  another,  wilt 
soon  discoter  the  point  This  being  found,  draw  PD, 
make  the  angie  DP  r  =e  PD  r,  and  R  and  r  are  the  cen^ 
tres  «f.a»ted.  Then  make  C  «  e^  CR,  and  w^  get  the  ceii>^ 
tres  for  the  other  side. 

The  geometer  will  not  relish  this  mechanical  construc- 
tion. He  may  therefore  proceed  as  follows :  Draw  D  H 
parallel  to  AB;  cutting  the  circle  in  d.  Draw  e  d,  cutting 
AC  in  N.  Draw  C6  parallel  to  t  A,  ilnd  olake  t^  angle 
€6  f  rr  AD  f.  Bisect  CN  in  O,  and  jdin >0  i.  Makib 
OM,  OM'  =  O  t,  aiid  draw  MP,  MF  f^endicuUr  l# 
AB.  These  ordinates  will  cut  the  cir^-AD  b  t  \ik, 
^he  pointti  P  and  P,  where  it  is  cut  by  €life  ellipse:  Wei 
leave  the  demonstration  as  a  geometrical  exercise  fctt*  the' 
dilettante. 

637.  We  said,  that  this  centering  of  Mr  Pitot^s  re- 
semUed  in  principle  tiie  one  employed  b j  Michael  Angela 
for  the  have  and  transepts  cf  fit  Petet^s  church  at  Rome. 
Fontana^  who  has  preserved  this,  ascrihes  the  construct 
tion  of  it  to  one  of  the  name  of  San  Gallo.  A  iketch  of 
ft  is  grven  in  Fig;  3.  It  is,  hoitever,  so  much  superiGi!^ 
and  so  different  in  principle,*  from  that  employed  for  did 
cupola  j  that  we  cannot  think  it  the  invention  of -the  saettt 
person.  It  is,  like  Fitof  s,  not  only  divisible^  but  really 
dtrided  into  two  parts,  6f  which  the  npper  carries  by 
innch  the  greatest  part  of  the  ioad.  '  The  pieces  are  jo- 
diciously  disposed,  and 'every  important  beam  is  amply 
secured  against  all  transverse  strains.  Its  only  fault  is  a 
great  profusion  of  strength.  The  innermost  polygon  ag 
A  6  is  .quite  superfluous,  because  no  strain  can  force  in  4h# 
struts  wluch  rest  on  the  angles.  Should  ttie  piers  yield 
T)ntwards,  this  polygon  will  be  loo»se,  and  ealk  do  no  wt'^ 
vice.  Nor  is  the  triangle  gik  ^  any  usie,  if  the  king« 
post  above  it  be  strapped'  to  the  tie-beam  and  straining 
iSU.    Perhaps  the  inventor  considered  die  king-post  as  % 
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pillar,  and  wished  to  secure  the  tie-beam  against  iia  erosi 
strain.  This  centering,  howerer,  must  be  allowed  to  be 
jerj  well  composed ;  and  we  expect  that  the  well-inforni- 
ed  reader  will  join  us  in  preferring  it  to  Mr  Pitot^s,  both 
for  simplicitj  of  principle,  for  scientific  proprietj,  and 
for  strength. 

There  is  one  considerable  ad^aatage  which  maj  be  de- 
fifed  from  the  actual  division  of  the  truss  into  two  parts. 
If  the  tie-beam  LL,  instead  of  resting  on  the  siretchor 
£F,  had  rested  on  a  row  of  chocks  formed  like  double 
wedges,  placed  above  each  other,  head  to  point,  the  i^ 
per  part  of  the  centering  might  be  struck  independent  of 
^   the  lower,  and  this  might  be  done  gradually,  beginning 
at  the  outer  ends  of  the  stretcher.    Bj  tbb  procedure^ 
the  joints  of  the  arch  stones  will  close  on  the  haunches, 
and  will  almost  relieve  the  lower  centering,  so  that  ail  can- 
be  pulled  out  together.    Thus  may  the  arch  settle  and 
consolidate  in  perfect  safety,  without  any  chance  of  break- 
ing the  bond  of  the  mortar  in  any  part ;  an  accident 
which  frequently  happens  in  great  arches.    This  proce^ 
dure  is  peculiarly  advisable  for  low  pitched  or  elliptical 
arches.     But  this  will  be  more  clearly  seen  afterwards^ 
when  we  treat  of  the  internal  movements  of  an  arcb  of 
masonry. 

This  may  suffipe  for  an  account  of  the  more,  simple 
construction  of  trussed  centres ;  and  we  proceed  to  such 
as  have  a  much  greater  complication  of  principle.  We 
shall  take  £or  example  some  constructed  by  Mr  Perronet, 
a  very  celebrated  French  architect. 

628.  Mr  Perronet's  general  maxim  of  construction  is  to 
make  the  truss  consist  of  sevei^l  courses  of  separate 
trusses,  independent,  as  he  thinks,  of  each  other,  and  thus 
to  employ  the  joint  support  pf  them  aU.  In  this  con- 
struction it  is  not  intended  to  make  use  of  one  truss,  or 
part  of  one  truss,  to  support  another,  as  in  the  former 
Bet,  as  is  practiced  in  th6  xoofs  of  St  Paul's  church,  Co- 
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^vent  Garden,  and  in  Druiy  Lane  theatre.  Each  truss 
«pans  oTer  the  whole  distance  of  the  piers,  and  would 
stand  alone  (having,  however,  equilibrium).  It  consists 
of  a  number  of  struts,  set  end  to  end,  and  forming  a  poly- 
gon. These  trusses  are  so  arranged,  that  the  angles  of 
one  are  in  the  middle  of  the  sides  of  the  next,  as  when  a 
poljrgon  is  inscribed  in  a  circle,  and  another  (of  the  same 
number  of  sides)  is  circumscribed  bj  lines  which  touch 
the  circle  in  the  angles  of  the  inscribed  polygon.  By 
this  constrociion  the  angles  of  the  alternate  trusses  lie  in 
lines  pointing  towards  the  centre  of  the  curve.  King- 
posts are  therefore  placed  in  thb  direction  between  the 
adjoining  beams  of  the  trusses.  These  king-post^  consist 
of  two  beams,  one  on  each  side  of  the  truss,  and  embrace 
the  truss-beams  between  them,  meeting  in  the  middle  of 
their  thickness.  The  abutting  beams  are  mortised,^  half 
into  each  half  of  the  post.  The  other  beam,  which  makes 
the  base  of  the  triangle,  passes  through  the  post,  and  a 
strong  bolt  is  dfiven  through  the  joint,  and  secured  ,by  a 
key  or  a  nut.  In  this  manner  is  the  whole  united ;  aud- 
it is  expected,  that  when  th^load  is  laid  on  the  uppermost 
truss,  it  will  all  butt  together,  forcing  down  the  king- 
posts, and  therefore  pressing  them  on  the  beams  of  all  the 
inferior  trusses,  causing  them  also  to  abut  on  each  other, 
and  thus  bear  a  share  of  the  load.  Mr  Perronet  does  not 
assume  the  invention  to  himself ;  but  says,  that  it  was  in- 
vented ami  practised  by  Mr  Mansard  de  Sagonne  at  the 
great  bridge  of  Moulins.  It  is  much  more  ancient,  and  is 
the  work  of  the  celebrated  physician  and  architect  Per- 
rault;  as  may  be  seen  in  the  collection  of  machines  and 
inventions  of  that  gentleman  published  after  his  deaths 
and  also  in  thie  great  collection  of  inventions  approved  of 
by  the  Academy  of  Sciences.  It  is  this  which  we  propose 
to  examine. 

620.  Fig  4.  represents  the  centering  employed  for  tha 
bridge  of  Cravant    The  airches  are  elliptical,  of  60  feet 
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span  and  SO  feet  rise.    The  areh  stobes  are  fodr  feet 
thick)  and  weigh  176  pounds  per  foot    The  tniBi-beains 
were  from  15  to  18  feet  long,  and  their  section  was  9 
inches  hj  8.     Each  half  of  tlus  king-posts  was  about  7 
ftet  long,  and  its  section  9  inches  by  8.    The  whole  waa 
of  oak.    The  five  trusses  were  5^  feet  asunder.     The 
whole  weight  of  the  arch  was  1850000  Ibft.  which  we  maj 
call  600  tons  (it  h  558.)    This  is  about  llf  tons  fpr  each 
truss.    We  must  allow  near  90  tons  of  this  reallj  to  press 
the  truss.    A  great  part  of  this  pressure  is  borne  hj  the 
four  beams  which  make  the  feet  of  the  truss,  coupled  ia 
pairs  on  each  sid<$.     The  diagonal  of  the  parallelogram  of 
forces  drawn  for  these  beams  is,  to  one  of  the  sides,  in 
the  proportion  of  360  to  286.    Therefore  say,  as  360  to 
285 ;  so  is  00  to  71  i  tons,  th^  thrust  on  each  foot    The 
section  of  each  is  144  inches.   .  We  may  with  the  utmost 
safety  lay  three  tons  on  every  {nch  for  ever.  .This  amounts 
to  433  tons,  which  is  more  than  sit  times  the  strain  reaU 
]y  pressing  the  foot  beams  in  the  direction  of  their  length ; 
nay,  the  upper  truss  alone  is  able  to  carry  much  more 
than  its  load.     The  absolute  strength  of  its  foot-beam  is 
216  tons.    It  is  much  more  adyantageoasly  placed;  for 
the  diagonal  of  the  parallelogram  of  forces  corresponding 
to  its  position  is  to  the  side  as  438  to  285.    This  gives 
58/^  tons  for  the  strain  on  each  foot ;  which  is  not  much 
above  the  fourth  part  of  what  it  is  able  to  carry  for  ever. 
No  doubt  can  therefore  be  entertained  of  the  superabun- 
dant strength  of  this  centering.     We  see  that  the  upper 
row  of  struts  is  quite  sufficients  and  all  that  is  wanted  is 
ib  procure  stiffness  for  it ;  for  it  must  be  carefully  kept 
in  mind,  that  this  upper  row  is  not  like  an  equilibrated 
arch.     It  will  be  very  unequally  loaded  as  the  work  ad- 
vances.   The  haunches  of  the  frame  will  be  pressed  down, 

and  the  joints  at  the  crown  raised  up.     This  must  be  re- 
sisted. 

'  Here  then  we  may  gather,  by  the  way,  a  useful  lesson. 
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Let  the  outer  row  of  struts  be  appropriated  to  the  car* 
riage  of  t&e  load,  and  let  the  rest  be  employed  for  giving 
atiifness.  For  this'  purpose  let  the  outer  rovr  have  abun- 
dant strength.  The  advantages  of  this  method  are  con* 
siderable.  The  position  of  the  beams  of  the  exterior 
row  is  more  advantageous,  when  (as  in  this  example)  tbe^ 
whole  is  made  to  rest  on  a  narrow  foot :  for  this  obligea 
us  to  make  the  last  angle,  at  least  ef  the  lower  row,  more 
open,  which  increases  the  strain  on  the  stmt ;  besides,  it 
is  next  to  impossible  to  distribute  the  compressing  thrusts 
among  the  different  rows  of  the  truss  beams ;  and  a  bjeain 
which,  during  one.  period  of  the  mason  work,  is  Acting 
the  part  of  a  strut,  in  another  period  is  bearing  no  straiis 
but  its  own  weight,  and  in  another  it  is  stretched  as  a  tie. 
A  third  advantage  is,  that,  in  a  case  like  this,  where  alt 
rests  on  a  narrow  foot,  and  the  lower  row  of  beams  are 
bearing  a  great  part  of  the  thrust,  the  horizontal  thrust 
on  the  pier  is  very  great,  and  may  push  it  aside.  This  is 
the  BEiost  ruinous  accident  that  can  happen*  An  inch  or 
two  of  yielding  will  cause  the  crown  of  the  arch  to  sink 
prodigiously,  and  will  instantly  derange  all  the  bearings 
of  the  abutting  beams :  but  when  the  tower  beams  aU 
ready  act  as  ties,  and  are  quite  adequate  to  their  c^Sce, 
we  render  the  frame  perfectly  stiff  or  unchangeable  in  its 
form,  and  take  away  the  horizontal  thrust  from  the  piers 
entirely.  This  advantage  is  the  more  valuable,  because 
the  very  circumstance  which  obliges  us  to  rest  all  on  a 
narrow  foot,  places  the  foot  on  the  very  top  of  the  pier, 
and  makes  the  horisontai  thrust  the  i^ore  dangerous. 

But,  to  proceed  in  our  examination  of  the  centering  of 
Cravant  bridge,  let  us  suppose  that  the  king^posts  are 
removed,  and  that*  the  beams  are  joined  by  compass  joints* 
If  the  pier  shall.yield  in  the  sniallest  degnee,  both  rows  of 
struts  must  sink ;  and  since  the  angles  (at  least  the  outer- 
most) of  the  bwer  row  are  more  4>pen  than  those  of  tfaf 
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upper  row,  the  crown  of  the  lower  row  will  smk  tn<»r«t 
than  that  of  the  upper. 

The  angles  of  the  alternate  rows  must  therefore  sepa-  - 
rate  a  little.  Now  restore  the  king-posts  ;  thej  prevent 
this  separation.  Therefore  tk^  are  stretched;  therefore 
the  beams  of  the  lowe^  row  a^  also  stretched;  conse- 
quently they  po  longer  butt  on  their  mortises,  and  must 
hfi  held  in  t^eir  places  bj  bolts^  Thu3  it  appears  that,  in 
this  kind  of  sieging*  the  original  distribution  of  the  load 
among  the  different  rows  of  beams  is  changed,  and  the 
iipper  row  becomes  loaded  beyond  our  expectation. 

•If  the  sagging  of  the  whole  truss  proceed  only  froia 
(he  compression  of  the  timbers,  the  case  is  different^  and 
tf e  may  preserve  the  original  distribution  of  mutual  abut* 
ment  mbre  accurately.  But  ip  this  case  the  stiffness  oC 
the  frame  arises  chiefly  from  cross  strains  Sup^pose  that 
the  frame  is  loaded  with  arch  stooeson  each  side  up  ta 
the  posts  HC,  b  c ;  Fig.  4.  the  angles  £  and  e  are  pressed 
down,  and  the  beams  EOF,  e  o  F  push  up  the  point  F. 
This  cannot  rise  wUhoqt  bending  the  beams  £0F,  e  o  F  ; 
because  O  and  q  are  held  down  by  the  double  king-posts,^ 
which  grasp  the  beams  betweeq  them.  There  is  there- 
Core  a  cross  strain  on  the  beams.  Observe  also,  that  the. 
triangle  £HF  does  not  preserve  its  shape  by  th^  connec- 
tion  of  ita  joints ;  for  although  the  strut  beams  are  mor*- 
tised  into  the  king-poat,  they  are  in  very  shallow  mor- 
tises, rather,  for  steadying  them  than  for  holding  them, 
together.  Mr  Terronet  did  not  even  pin  them,  thinking 
that  their  abutment  was  very  great  The  triangle  b  kept 
in  shape  by  the  base  EF,  which  is  firmly  bolted  into  the 
middle  post  at  O.  Had  these  intersections  not  beea 
atrongly  bolted,  we  imagine  that  the  centres  of  some  o£ 
Mr  Perronet's  bridges  would  have  yielded  much  mom 
than  they  did ;  yet  some  of  them  yielded  to  a  degree. 
th«t  our  artbU  vouU  have  thought  very  dangerous.    Mr 


CEKTRBS  Pdlt  BlIlDGft.  081 

iN^i^ohet  was  obliged  to  load  the  crown  of  the  centering 
with  verj  great  weights,  increasing  them  as  the  work 
advanced  to  prevent  the  frames  from  going  out  of  shape  { 
in  cme  arch  of  120  feet  he  laid  on  45  tons.  Not  with-' 
standing  this  imperfection,  which  is  perhaps  unavoidable, 
this  mode  of  framing  is  undoubtedly*  very  judicious,  and 
perhaps  the'  best  wbiph  can  be  employed  without  depew}-* 
ing  on  iron  work.  - 

630.  Fig.  5.  represents  another,  constructed  by  Perro^ 
set  for  an  arch  of  90  feet  span  and  28  feet  rise.  The 
trasses  were  T  feet  apart,  and  the  arph  was  4|  thick ; 
80  that  tbd  unreduced  load  on  each  frame  was  very  nearly 
925  tons.  The  scantling  of  the  struts  was'  15  by  19 
inches.  The  principle  is  the  same  as  that  of  the  formen- 
The  chief  difference  is,  that  in  this  centre  the  outer 
tnis»>beam  of  the  lower  row  is  not  coupled  with  the 
middle  row,  but  •  kept  nearly  parallel  to  the  outer  beani 
of  the  upper  row.  This  adds  greatly  to  the  strength  of 
the  foot,  and  takes  off  much  of  the  horizontal  thrust  from 
the  pier. 

Mr  Perronet  has  shewn  great  judgment  in  causing 
the  polygon  of  the  inner  row  of  truss  beams  gradually 
to  approach  the  polygon  of  the  outer  row*  By  this  dis- 
position,' the  angles  of  the  inner  polygon  are  more  acute 
than  those  of  the  outer.  A  little  attention  will  shew, 
that  the  general  sagging  of  all  the  polygons  will  keep  the 
abutments  tf  the  lower  one  nearer,  or  exactly,  to  their 
original  quantity*  We  must  indeed  except  the  foot-beam. 
It  is  still  too'  oblique ;  and,  instead  of  converging  to  the 
foot  of  the  upper  row,  it  should  have  diverged  from  it. 
Had  this  been  done,  this  centre  is  almost  perfect  in  its 
kind. '  As  it  is,  it  is  at  least  six  times  stronger  than  was 
absolutely  necessary.  We  shall  have  occasion  to  refer  to 
this 'figure  on  another  occasion. 

631.  This  maxim  is  better  exemplified  by  Mr  Perro^ 
ffii  in  the  centering  of  the  l>ridge  of  St  Maxence,  ex)^* 
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biied  in  Fig.  5.  No.  2.  than  tli«t  of  Nogeiit^  Pig.  &.  No. 
L  But  we  think  that  a.horiaonial  tnMs-bean  «  b  should 
have  been  inserted,  in  a  subordinate  manner,  between 
the  king-posts  next  the  eroim  on  each  side.  This  would 
prevent  the  erown  from  rising  while  the  hannchea  oal j 
are  loaded,  without  impairing  the  fine  abtttmcnts  a£  ci^ 
c  iy  when  the  arch  is  nearly  completed.  This  ia  an 
excellent  centering,  but  is  not  likely  to  be  of  much  use  in 
these  kingdoms ;  because  the  arch  itself  will  be  consi- 
dered as  ungraceful  and  ugly,  looking  Kfce  a  huge  lin* 
teL  Perronet  says,  that  he  preferred  U  to  tha  dlipae, 
because  it  was  lighter  on  the  piers,  whidi  were  thin.  But 
the  failure  of  one  arch  must  be  immediatdy  followed  by 
thf  min  of  all.  We  know  much  better  methods  of  li^U 
ening  the  piers. 

632.  Fig.  6.  represents  the  centering  of  the  bridge  of 
Neuilly^  near  Paris,  also  by  Perronet.  The  ardi  baa 
;|20  feet  span,  and  30  feet  rise,  and  is  5  feet  thick.  The 
frames  are  6  feet  apart,  and  each  carries  an  absolute  (thai 
is,  not  reduced  to  ||  or  to  J)  load  of  350  tons.  The  strut 
beams  are  17  by  L4  inches  in  scantling.  The  king-posts 
are  of  15  by  9  each  half;  and  the  horisontal  bridles, 
which  bind  the  different  frames  together  in  five  places^ 
are  also  15  by  9  each  half.  There  are  ei{^t  other  hori- 
«<H)tal  binders  of  9  inches  square. 

This  is  one  of  the  most  remarkable  ardies  in  the  world  ; 
not  altogether  on  account  of  its  width,  for  there  sxe  se» 
veral  much  wider,  but  for  the- flatness  at  the  crown:  for 
about  26  feet  on  eacli  side  of  the  middle  it  was  intended 
to  be  a  portion  of  a  circle  of  150  feet  radius.  An  arch 
(semicircular)  of  300  feet  spaa  might  therefore  be  easily 
constructed,  and  would  be  much  stronger  than  this,  be^ 
cause  its  horistontal  thrust  at  the  crown  would  be  vastlj 
greater,  and  would  keeji  it  more  firmly  united. 

The  bolts  of  this  centre  are  differently  placed  from  these 
of  the  former;  and  the  change  is  judicious.    Mr  Perronet 
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iiad  fkubtle^  Ibuyid  by  Ihis  titiie^  that  the  »tifihesa  ^f  bis 
fratmag  ikpel^d  on  tbe  traaav^rse  •irengtb  Qf  the 
beams ;  iind  tberefore  he  was  (carqful  nqt  tp  ne^en  tbent 
bj  the  bolts.  But,  noi^rkhsiandiag'all  his  care,  the  fram* 
iag  Sunk  upiirar^s  of  13  infebes  before  the  keystones  wens 
laid;  and^  during  the  (irogress  of  the  work»  the  crown 
rose  and  sunk^  by  various  steps^  as  the  )oadtn|[  ifras  ex- 
tended along  it.  When  SO  courses  wec^  laid  op  each  side, 
and  about  16  tons  Iai4  on  the  crown  of  e«iii  frame,  it 
sunk  about  afi  ineh.  When  46  courses  were  laid*  and 
the  erown  loaded  with  ^  tQns^  it.au«k  about  half  an  inch 
more.  It  continued  sinking  as  the  work  advanced ;  ^  and 
when  the  keystone,  was  set  it  bftd  suirjk  13^  inches.  But 
this  sinking  was  not  general ;  Qn  the  contrary,  the  frama 
had  risen  greatly  at  the  ^ttj  haunches,  so  41s  to  open  th^ 
upper  part  of  the  joints,  many  of  which  gaped  an  inch ;. 
and  this  opening  of  the  joints  gradually  extended  from 
the  haunebes  towards  the  crown,  in  the  neighbourhood 
of  whieh  they  opened  on  the  under  side.  This  evi« 
deatly  arose  from  a  want  of  stifiness  in  the  frume.  But 
tbesjB  joints  closed  again  when  the  centres  wer^  struck,  as 
lirill  be  mentioned  afterwards. 

We  hove  taken  particular  notice  of  the  movements  and* 
twisting  of  this  centre,  because  we  think  that  they  indi** 
cate  a  deficiency^  not  only  o(  stlflfness,  but  of  abaUnent« 
among  the  truss*  beams.  The  whole  has  beep  too  flexible^ 
becAus^  the  angles  are  too  obtuse  s  This  arises  from  their 
multiplicity.  When  the  intercepted^  arches  have  so  little 
curvature,  the  power  of  the  load  to  press  it  inward  inn 
creases  ytvj  fast.  When  the  intercepted  arch  is  reduced 
to  one  half,  this  power  is  more  than  doubled ;  and  it  is 
also  doubled  when  the  radius  pf  curvature  is  doubled. 
The  king-potts  should  have  been  farther  ^qpart  near  th^ 
erown,  so  that  the  quantity  of  arcb  between  them  should 
eolnpensate  for  its  diminished  curvature. 

The  power  of  withstanding  any^giv^Q  inequality  of 
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lotd  would  therefore  have  been  greater,  had  the  centra 
coDgisted  of  fewer  pieees,  and '  their  angles  of  meeting 
been  proportional! j  more  acute.  The  greatest  improve- 
ment would  have  been,  to  place  the  foot  of  thjs  lower  tier 
of  truss-beams  on  the  very  foot  of  the  pter,  and  to  have 
also  separated  it  at  the  head  from  the  rest  widi  a 
longer  king-post,  and  thns  to  have  made  the  distances  of 
the  beams  on  the  king-posts  increase  gradually  from  the 
erown  to  the  spring.  This  would  have  made  all  the 
angles  of  abutment  more  acute,  and  would  have  produced 
a  greater  pressure  on  all  the  lower  tiers  when  the  frame 
sagged. 

6S3.  Fig.  1.  of  PI.  XII.  represents  the  centering  of  tbsr 
bridge  of  Orleans.  The  arch  has  100  feet  span,  and  rises  30, 
and  the  arch-stones  are  6  feet  long.  It  is  the  constructiMi 
of  Mr  Hupeau,  the  first  architect  of  the  bridge.  It  is  the 
boldei$t  work  of  the  kind  that  we  have  seen,  and  is  con* 
structed  on  clear  principles.  The  main  abutments  are 
few  in  number.  Because  the  beams  of  the  outer  polygon 
are  long,  they  are  very  well  supported  by  straining  beam» 
in  the  middle;  and  the  stmts  or  braces  which  suppoFt 
and  butt  on  them,  are  made  to  rest  on  points  carried 
entirely  by  ties*  The  inventor,  however,  seems  to  have 
thought  that  the  angles  of  the  inner  polygon  were  sup* 
ported  by  mutual  compitession,  as  in  the  outer  polygon. 
But  it  is  plain  that  the  whole  inner  polygon  may  be  form- 
ed of  iron  rods.  Not  but  that  both  polygons  may  be  in  » 
state  of  compression  (this  is  very  possible) ;  but  the  small- 
est sagging  of  the  frame  will  i^ange  the  proportions  of 
the  pressures  at  the  angles  of  the  two  polygons.  The 
pressures  on  the  exterior  angles  will  increase,  and  those 
en  the  lower  or  interior  angles 'will  diminish  most  rapid- 
ly ;  so  that  the  abutments  on  the  lower  polygon  will  be 
next  to  nothing.  Such  points  could  bear  very  little  pres» 
sure  from  the  braces  which  suppcNrt  the  middle  of  the 
long/beariiigs  of  the  upp^  beams^  and  their  pressures 
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toast  be  borne  chiefly  by  the  joints  supported  by  the 
.Ji;iiig«poflts.  ^he  kiog-posts  would  then  be  in  a  state 
of  extension*  •  It  u  difficult,  hoif ever,  to  decide  what 
is  the  precise  state  of  the  pressure  at  these  interior  an« 
gles* 

634.  The  history  of  the  erection  of  this  bridge  will 
throw  much  light  on  this  point  j  Mr  Hnpean  died  before 
any  of  the  arches  were  carried  farther  than  a  very  few 
of  the  first  courses*  Mr  Perronet  succeeded  to  the  charge^ 
and  finished  the  bridge.  A9  the  work  advanced^  the 
crown  of  the  frame  rose  rery  muclu  It  was  loaded ;  and 
it  sunk  as  remarkably.  This  shewed  that  the  lower  po- 
lygon ^as  giving  very  little  aid.  Mr  Perronet  then 
(bought  the  frame  too  weak,  and  inserted  the  long  beam 
DEy  making  the  diagonal  of  the  quadrangle,  and  very 
nearly  in  the  direction  of  the  lower  beam  a  b^  but  falling 
rather  below  this  line.  He  now  found  the  frame  abun- 
dantly strong!  It  is  evident  that  the  truss  is  now  change 
ed  exceedingly,  and  consists  of  only  the  two  long  sides, 
and  the  short  straining  beam  lying  horizontally  between 
their  heads.  The  whole  centering  consists  now  of  one 
great  truss  a  £  e  i,  and  its  long  sides  a  E,  e  i,  are  trussed 
up  at  B  and/.  Had  thb  simple  idea  been  made  the  prin- 
ciple of  the  construction,  it  would  hi^ve  been  excellent^ 
The  angle  a  D£  might  have  been  about  176^,  and  the 
polygon  D  eg  h  employed  only  for  giving  a  slight  sup- 
port to  this  great  angle,  so  as  not  to  allow  it  to  excised 
160°.  But  Mr  Perronet  found,,  that  the  joint  c,  at  the 
.foot  of  the  post  £  c,  was  about  to  draw  looser  and  he  was. 
obliged  to  bolt  long  pieces  of  timber  on  each  side  of  the 
joint,  embracing  both  beams.  These  were  evidently  act* 
ing  the  same  part  as  iron  straps  would  have  done ;  fi 
complete  proof  that,  whatever  may  have  been  the  original 
pressures,  there  was  no  abiitipent  tufw  at  the  point  e, 
and  that  the  beams  which  met  there  were  not  in  a  state  of 
oompression,  but  were  on  the  stretch.    Mr  Perronet  sajs 
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that  he  pnt  thes^  cheeks  to  the  jcfints  to  st^frd  them.  Butr 
this  WBs  not  their  ofiice ;  beeaute  the  adjoining  heaoM 
irere  sot  strntu,  biit  ties;  as  we  hare  now  prered. 

We  may  therefdre  tooelude,  that  the  onter  foiygont 
with  the  assistance  of  the  pieces,  a  6,  DE,  were  carrying 
the  whole  load.  We  do  n<^  know  the  distance  between 
the  frames ;  but,  supposing  tbein  seven  feet  apart,  aiid 
tbe  arch  tiz  feet  thick,  and  weighing  ITO  ponnds  per  foot, 
^e  learn  the  load;  The  beams  were  16  inches  square. 
If  we  now  calcniate  what  they  wonid  bear  at  tbe  sailie 
very  moderate  rate  allowed  lo  the  other  centres,  we  find 
ihat  the  beams  AB  and  a  b  are  not  loaded  to  one-si^th  of 
their  strength. 

We  have  giveii  this  centre  iti  a  fine  eiutmpk  of  wfaai 
tarpentry  is  able  to  perform,  and  becatfse,  by  its  8tn». 
plicitj,  it  is  a  sort  of  text  on  irhich  the  inteHigent  artist 
may  make  many  comments;  We  may  see  plainly  that,  if 
the  lower  polygon  had  been  fortned  of  iron  rods;  firmly 
bolted  into  the  feet  6f  the  king-posts;  it  wonM  have 
maintained  its  shape  completely;  The  service  done  bj 
the  beam  DE  was  not  so  much  an  increase  of  abutment 
as  a  discharge  of  the  weight  and  df  the  pull  $t  the  joint  c: 
Therefore,  in  cates  whene  the  feet  of  the  truss  etre 
necessarily  confined  to  a  very  narrow  space,  we  should 
be  careful  to  make  the  upper  polygon  sufficient  to  carry 
the  whole  load  (say  by  doubling  its  beams),  and  we  may 
then  make  the  lower  pdlygoii  cf  dender  dimensions,  pro^~ 
vided  we  secure  the  joints  on  the  king.podts  by  iron  straps 
which  embrace  a  considerable  portion  of  the  tie  on  each 
side  of  the  joint. 

635.  We  are  far  from  thinking  that  these  centres  are 
of  the  best  kind  that  could  be  employed  in  their  situa- 
tion  ;  but  they  are  excellent  in  their  kind ;  and  a  careful 
study  of  them  will  teach  the  artist  much  of  his  profes- 
sion. When  we  have  a  clear  conception  oif  the  state  of 
strain  in  which  the  parts  of  a  frame  really  are,  we  know 
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what  sbmild  be  done  in  order  to  dra^  cil'  the  adnmtage 
jpotsiUe  from  our  materials.  We  InTe  said  in  another 
place,  that  where  we  can  give  oar  joints  snfScieat  oen-* 
section  (as  by  straps  and  bolta^  or  by  checks  or  fishes). 
It  is  better  to  use  ties  than  stnits,  becanse  Ues  neirer 
bend. 

We  do  not  approve  of  Mr  Perrbncf  s  praetice  of  giv^ 
htg  his  trusses  such  narrow  fcet.  By  bringing  the  foot 
4tf  the  lower  polygon  farther  dawn,  we  greatly  diminish 
«ll,theetrains,  and  threw  more  load  on  the  lower  poly« 
gon :  and  we  do  not  aee  any  of  Mr  Perronet^s  ctnlrea 
where  this  might  not  have  been'  do»e«  He  seems  to  aU 
ftot  a  great  sjpan,  to  shew  the  wonders  of  his  art ;  but 
our  object  is  teteadi  how  to  aoNdce  the  best  centre  of  a 
'given  quantity  of  nsaterials  ;  and  how  to  make  the  most 
perfect  centre,  when  we  are  mA  limited  in  this  vespeeli 
nor  in  the  extent  of  our  fixed  points. 

688.  We  shall  canolade  this  series  of  examples  with  one 
wliem  no  such  aflfisctstton  takes  place.  This  is  the  cen- 
tering of  the  bridge  at  Blaekfiriara,  London.  The  span  of 
the  ardi  is  100  feety  and  its  height  from  the  spring  is  about 
4S.  The  drawing  PJale  XII.  Fig.  2.  is  sufiicientiy  minute 
'to  convtty  a  distinct  nation  of  the  whole  construction.  We 
need  net  be  very  paitieular  in  our  observations,  aftci' 
what  has  been  said  on  the  general  principles  of  construc- 
tion* The  leading  maxim,  in  the  present  examine,  seems 
to  be,  that  every  part  of  the  arch  shall  he  supported  by  a 
simple  truss  of  two  legs  resting^  one  on  tech  pier.  H,  H^ 
fcc  are  called  aproh  FiEcir  to  strengthen  the  exterior 
joints,  and  to  make  the  nmo  as  stiff  in  itself  as  possible. 
fVom  tlie  ends  of  this  apron-piece  proceed  the  two  legs  of 
-each  truss.  These  legs  are  13  inches  square :  They  are 
not  of  an  entire  piece,  but  of  several,  meeting  in  firsa 
abutment.  Some  of  their  meetings  are  secured  iyy  the 
douUe  king-posts,  which  grasp  them  £rtaij  between 
4hMi,  and  are  held  together  by  boltSr     At  other  intei^ 
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sections,  uiB  beams  iqppear  halvod  iato  each, other  ;  a 

practice    which   caanot   but  weaken   them  mttch,    atid 

would  endanger  their  breaking  bj .  cross  strains,    if  it 

, were  possible  for  the  frame  to  change  its  shape^     But 

the  great  breadth  oC  this  frame  is.  an  dfiectaal  stop  to  any 

such  change.     The  fact  was,  that  no  nnking  or  iwikiing 

whatever  was  jobserred  during  the  progress  of  the  mason 

work.    Three  points  in  ^  straigbt  line  were  marked>  oil 

>purpo8e  for  this  obserration,  and  were  -obsenred.  eveif 

day.    The  ardi  was  more  than  six  feet  thick ;  and  yet 

Che  sinking  of  the  Crown^  before  setting  the*  keystones, 

■did  not  amount  to  one  inch. 

The  centre   employs    about    one-third  more  limber 

than  Perronet^s  great  centre  in  proportion  to  the  spaa  of 

the  arch ;  but  the  circumference  increases  in  a  greater 

.proportion  than  this,  because  it  is  more.eleratCN}..    In 

every  way  of  making,  a  comparison .  of  the  dimensions, 

Mr  Mylne^s  arch  empbys  more  timber ;  but  it  b  ieyoiid 

M  comparison  stronger.    The  great  deration  is  partly 

the  reason  of  this.    But  the  disposition  of  the  timbers  is 

also  much  more  advantageous,  and  may  be  copied  ^ven 

in  the  low-pitched  arches  of  Neuilly.    The  simple  trass, 

reaching  from  pier  to  pier  ,for  the  middle  point  of  the 

arch,  gives  the  strong,  support  where  it  is  most  of  all 

wanted ;  and  in  the  lateral  points  H,  although  one  leg  of 

ithe  truss  is  very  oblique,  the  other  compensates  for  it  bj 

its  upright  po^tion^ 

The  chief  peculiarity  of  this  centre  is  to  be  seen  in  its 

base.     Thi^  demands  a  more  particular  attention:  .but 

\  ^  .we  must  first  make  some  observations  on  the  condition  of 

An  arch,  as  it  rests  on  the  centering  after  the  kejstcmes 
are  all  set,  and  on  the  gradual  transference  of  the  pres- 
jiire  from  the  boards  of  the  centering  to  the  joints  of  the 
archsto^es. 

i>37.  While  all  the  archstones  lie  on  the  centering,  the 
lower  couirses  are  also  leaning  pretty  .strongly  on  each 
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other*     But  the  morUr  u  hanUf  oAipresMd  iii  the 
jojaM ;  and  least  of  all  in  the  y&oXA  oeait  tbe  crown. 
Suppose  the  erch  to  be  Catenacean,  or  oC  any  oth^ 
shape  that  is  perfectly  equttibsated :    When  the  ceater- 
ing  is  (radiiaUy  withdrawn,  all  the  archstooes  foltow  it 
Tbe9  wedge-Uke  form  makes  this  imposstbte,  without 
tht  n^iddk  ones  squeett^g  the  lateral  ones  aside.    TUa 
coaSfNresses  *the  raorlir  between  Ihem.    As  the  stonea 
thus  come  nearer  to  each  other,  these  near  tbe  erovtl 
must  descend  more  then  thMe  near  the  haunches,  b^ 
fare  every  stone  has  bbsseaed  its  distance  fcon  the  next 
bj  tbe  same  quantity ;  for  example^  by  the  hundi^edth 
part  of  an  inch.    This  cireunisti^ce  akme  must  cause  % 
sinking  in  the  crow^,  Had  a  change  of  shape.    But  the 
joints  near  tbe  crown  are  already  more  opeii  than  those 
near  tbe  baUnehesi    This  pnMhices  a  still  greater  ehange 
of  form  before  all  is  settled.    Sionae  masoas  endeavour 
to  remedy,  or  at  least  to  diminish,  tbis^  by  using  ne 
mortar  in  tbe  joints  near  the  erowoi     They  lay  the 
.stones  dry,  and  even  force  them  together  by  wedges  an4 
blacks  laid  between  the  stones  on  opposite  sides  of  the 
crofi:n :    They  afterwards  pour  in  fine  cemei^ti    This  91^ 
pears  a  good  pi?actice.    Perroaet  rejects  it,  because  the 
wedgiiig  soBoetimes  breaks  tbe  stones.    We  should  not 
think  this  any-  great  harm ;   because  the  fracture  will 
make  them  close  where  they  would  otherwise  lie  hollow. 
Bui,  after. all  our  care,  there  is  stiU  a  sinking  of  the 
crewn  of  the  arch.    By  gradually  withdrainag  the  can* 
,  t^Hriag)  the  joints  dose,  the  arcbatoaes  begin  to  butt  on 
each  other^  and  to  force  uside  the  lateral  courses.    This 
abetment  gradually   iticreasingi    the    pressure    on    the 
baue^s  of  the  ee&tering  is  gradually  diminished  by 
the  mutual  abutment,  and  ceases  entirely  in  that  course^ 
which  is  the  lowest  that  forofecrly  pvessed  it  2    il  then 
ceases  in  the  course  above,  and  then  in  the  third,  and  ui 
on. '  Andy  in  this  mapuer,  not  only  tbe  eentering  ^its 
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the  arch,  gradoalljr,  from  the  bottom  to  the  top,  by  iu 
awn  retiring  from  it,  but  the  arch  also  qttita  the  centering 
by  changitig  its  skapt.  If  the  centeridg  were  now  pushed 
up  again,  it  would  touch  the  arch  first  at  the  crown ; 
and  it  must  lifi  up  that  part  gradually  before  it  csome 
again  in  contact  with  the  haunches.  It  is  evident,  there- 
fore, that  an  arch,  built  on  a  centre  of  a  shape  perfectly 
suited  to  equilibration,  will  not  be  in  eqnitibrio  when 
the  centering  is  rempved.  It  is  therefore  necessary  to 
form  the  centering  in  such  a  manner  (by  raising'  the 
crown),  that  it  shall  leave  the  arch  of  a  proper  Ibrm* 
This  is  a  very  delicate  task,  requiring  a  previous  know- 
ledge of  the  ensuing  change  of  fcM'm.  This  cannot  be 
ascertuiied  by  the  help  of  any  theory  we  are  acquainted 
Witk 

But,  suppose  this  attained,  there  is  another  difficulty : 
While  the  work  advances^  the  centering  is  waq>ed  by 
the  load  laid  on  it,  and  continually  increasing  on  each 
side.  The  first  pressure  on  the  centering  forces  down 
the  haunches,  and  raises  the  crown.  The  arch  is  there- 
fore less  curved  at  the  haunches  than  is  intended :  the 
joints,  however,  accommodate  themselves  to  this  form, 
and  are  close,  and  filled  with  mortar.  When  the  masons 
approach  the  middle  of  the  arch,  the  frame  sinks  there 
and  rises  up  at  the  haunches.  This  opens  all  the  joints 
in  that  place  on  the  upper  side.  By  the  time  that  the 
keystones  are  set,  this  warping  has  gone  farther ;  and  the 
joints  are  open  on  the  under  side  near  the  crown.  It  is 
true  we  are  here  speaking  rather  of  an  extreme  case,  when 
the  centering  is  verj^  fieziUe ;  but  this  occurred  to  Mr 
Perronet  in  the  two  great  bridges  ofNeuilly  and  of 
Maatz.  In  this  last  one,  the  crown  sunk  above  a  foot 
before  the  key  was  set,  and  the  joints  at  the  haunches 
opened  above  an  inch  nhioe,  while  some  nearer  the  crown 
opened  near  a  quarter  of  an  inch  below. 

638.  In  thji  condition  of  things^  it  is  a  delicate  business 
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io  ^Hke  tEe  centering,  Weri*  it  removed  in  an  instant, 
all  would  {Ht>babljr  c6me  down ;  for  the  archstones  am 
not  yet  abutting  on  eaeh  other,  and  the  Joints  in  the 
middle  are  open  below.  Mr  PerroneCs  m^etiiod  appears 
to  us  to  be  very  judicious.  He  began  to  detaeh  the'cen-^ 
tering  at  the  very  bottom,  on  each  side  equaliyi  where 
the  pressure  on  the  centering  is  very  slight.  He  cut  away 
the  blocks  which  were  immediately  under  each  archstone. 
He  proccfeded  gradually  upwisu-ds  in  this  way  with  some 
speed,. till  all  was  detached  that  bad  been  put  butof  ^hape 
by  the  bending  of  the  denteHngr  This  being  no  longer 
kipported,  sunk  inward,  till  it  was  stopped  by  the  abut* 
ment  which  it  found  on  the  archstbnes  near  the  cirown^ 
which  were  still  resting  on  their  blocks.  During  part  of 
this  process,  the  open  joints  opened  still  more,  and  looked . 
alarming.  This  wbs  o#ing  to  the  removal  of  the  load 
from  the  haunches  of  the  centering.  This  allowed  the 
crdwn  to  sink  stiU  more,  by  forcing  out  the  archstones  at 
fhe  haunches.  He  lidw  paused  some  days,  and  during 
this  time  the  two  haunches,  now  hanging  in  the  air,  gra* 
dually  pressed  in  toward  the  centerings  their  outer  joints 
dosing  in  the  meahwhtle.  The  haunches  were  now  press^ 
ing  Ipretty  hard  on  the  archstones  nearer  the  crown.  He 
then  proceeded  more  slowly,  destroying  the  blocks  and 
bridgings  of  these  upper  archstones.  As  soon  as  he  de«* 
stroyed  the  support  of  oncj  it  immediately  yielded  to  the 
pressure  of  th^  baunch ;  and  if  the  Joint  between  it  an<][ 
tlie  one  adjoining  toward  the  crbwn  happened  to  be  opeu^ 
whether  On  the  under  or  the  upper  side,  it  immediately 
closed  on  it.  But  in  proceeding  thus,  he  found  every 
stone  sink  a  little  while  it  closed  on  its  neighbour ;  and 
this  was  like  to  produce  a  ragged  soffit,  which  is  a  deform 
mity.  He  therefore  did  not  allow  them  ;to  sink  so  much. 
In  the  places  of  -the  blo(iks  and  bridgings  which  he  had 
cut  away,  he  set  small  bQlets,  standing  on  their  ends,  be* 
tween  the  centering  and  the  archstones.  These  allowed 
the  pendulous  arch  to  puab  toward  Uie  crown  without 
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aeoiiUy  d^soeadisg ;  for  the  bUieU  wane  pushed  out  of 
the  perpeDdiculary  and  some  of  them  tuaiUed  down* 
PrDceediog  in  this  wsj,  he  advanced  to  the  Terj  next 
comve  to  the  keystoiie  on  each  side,  the  joints  closing  all 
the  way  as  he  advanced.  The  last  job  was  very  tiouble- 
some ;  we  mean  the  detaching  the  three  nppermost  courses 
Iprom  the  centering :  for  the  whole  elastidtj  of  the  ceo* 
Bering  was  now  trying  to  unbend,  and  pressing  hard 
against  them.  He  found  that  they  were  lifted  up;  fi>r 
the  jomts  beyond  them*  which  had  closed  oompletelj, 
now  opened  again  below :  but  this  job  was  finished  in 
one  day,  and  the  centre  sprung  up  two  or  three  inches,  and 
the  whole  arch  sunk  about  six  inches.  This  was  an  aHioua 
time ;  for  he  dreaded  the  great  momentum  of  such  a  vast 
mass  of  matter.  It  was  hard  to  say  where  it  would  stop. 
He  had  the  pleasure  to  'see  that  it  stopped  very  soon, 
settHog  slowly  aa  the  nM>rtar  was  compressed,  and  ^ter 
one  AT  two  days  settling  no  more.  This  settling  waa 
▼ery  considerable  both  in  the  bridge  at  Neuilly  and  in  that 
at  Mantz.  In  the  former,  the  sinking  during  the  woric 
amounted  to  13  inches.  It  sunk  six  inches  nmre  when 
the  blocks  and  bridgings  were  taken  out,  and  1^  when 
the  little  standards  were  destroyed,  and  1^  more  next 
day ;  so  that  the  whole  sinking  of  the  peniukms  arch  waa 
91  inches,  besides  what  it  had  sunk  by  the  bending  and 
compression  of  the  centering  *. 

.  The  crown  of  the  centering  was  an  arch  of  a  circle  de* 
^ibed  with  a  radius  of  150  feet ;  but  by  the  sinking  of 
the  arch  its  shape  was  considerably  changed,  and  about 
«0  feet  of  it  formed  an  arch  of  a  circle  whose  radius  waa 
^4A  feet  Hence  Mr  Perronet  infers,  that  a  semicircle  of 
500  feet  span  may  be  erecte^.  It  would  no  doubt  be 
stronger  than  this  arch,  beci^use  its  greater  horixontal 
thrust  would  keep  the  stones  firmer  together.  The  sink- 
Ug  oi  the  arches  at  Mantz  was  not  quite  so  great,  but 
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every  thing  proceeded  in  the  same  waj.  It  amounted  in 
all  to  20|  inches,  of  which  13  inches  were  owing  to  the 
eompression  and  bending  of  the  centering. 

639.  In  Fig.  6.  No.  1.  maj  be  observed  an  indication  of 
this  procedure  of  the  masonry.  There  may  be  noticed  it 
horizontal  line  a  e»  and  a  diagonal  a  h.  These  are  sup^ 
posed  to  be  drawn  on  the  masonry  as  it  would  have  stood 
bad  the  frames  not  yielded  during  the  building. '  The 
dotted  line  AV tf  shews  the  ^hape  which  it  took  by  th(^ 
flfinking  of  the  centering.  The  dotted  lihe  of  the  othe^ 
Bide  was  actually  drawn  on  the  masoniy  when  the  key- 
stone was  set :  and  the  wavy  black  Ime  on  the  slime  side 
shews  the  form  which  the  dotted  line  took  by  the  striking 
of  the  centering.  The  undulated  part  of  this  line  cuts  its 
former  position  a  little  below  the  niiddle,  going  withoui 
it  below,  and  falling  within  it  above.  This  shews  very 
distinctly  the  movement  of  the  whole  masonry,  distin-^ 
guishing  the  parts  that  were  forced  out,  and  the  partiit 
which  sunk  inward. 

We  presume  that  the  practical  reader  will  think  thi^ 
account  of  the  internal  movements  of  a  stupendous  ardh 
very  instructive  and  useful.  As  Mr  Perronet  observed  it 
to  be  uniformly  the  same  in  several  very  large  archeS 
which  he  erected,  we  may  conclude  that  it  is  the  generd 
process  of  nature.  We  by  no  means  have  the  confidence 
in  the  durability  or  sdlidity  of  his  arches  which  he  pru«- 
dently  professes  to  have.  We  have  conversed  with  tomfc 
very  experienced  masons,  who  have  also  erected  very 
great  arches,  and  in  very  diiBcuIt  situations,  which  have 
given  universal  satisfaction ;  and  we  have  foimd  thedi 
uniformly  of  opinion,  that  an  arch  which  btcs  settled  to 
such  a  proportion  of  its  curvature  as  to  change  the  radius 
from  150  to  244  feet,  is  in  a  very  hazardous  situatioif. 
They  think  the  hazard  the  greater,  because  the  span  off 
the  arch  is  so  great  in  proportion  to  its  weight  (as  they 
express, it  veiy  emphatically)  or  its  height.    The  weighty 
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saj  tbej,  of  the  haunches  is  too  smsdl  for  forcing  together 
the  kejstoneSy  which  hare  scarcely  any  wedge-like  fonxt 
to  keep  them  from  sliding  down.     This  is  very  good  rea* 
soning,  and  expresses  very  familiar  notions.    The  me- 
chanician would  say,    that  the  horizontal  thrust  at  the 
crown  is  too  small.     When  we  questioned  them  about  the 
propriety  of  Mr  Perronef  s  method  of  removing  the  cen- 
tering, they  unanimously  approved  of  its  general  pfin- 
ciple,  but  said  that  it  was  very  ticklish  indeed  in  the  ex- 
ecution.    The  cases  which  he  narrates  were  new  to  them. 
They  should  hare  almost  despaired  of  success  with  arches 
which  had  gone  so  much  out  of  shape  by  the  bending  of 
the  centres ;  because,  said  they,  the  slope  of  the  center- 
ing, to  a  great  distance  from  the  crown,  was  so  little, 
that  the  archstones  could  not  slide  outwards  along  it,  to 
close  even  the  under  side  of  the  joints  which  had  opened 
above  the  haunches ;  so  that  aff  the  archstones  were  at 
too  great  a  distance  from  each  other ;  and  a  great  and 
general  subsiding  of  the  whole  was  necessary  for  bringing 
them  even  to  touch  each  other.      They  had  never  ob- 
served  such  bendings  of  the  centerings  which  they  had  em-^ 
ployed,  having  never  allowed  themselves  to  contract  the 
feet  of  their  trusses  into  such  narrow  spaces.    They  ob- 
served, that  nothing  but  lighters  with  their  masts  down 
can  pass  under  the  trusses,  and  that  the  sides  must  be  so 
protected  by  advanced  works  from  the  accidental  shock 
of  a  loaded  boat,  that  there  cannot  be  left  room' for 
more  than  one.     They  added,  that  the  bridges  of  com. 
/nunication,  necessary  for  the  expediUous  conducting  of 
the  work,  made  all  this  supposed  roominess  useful :  be^ 
sides,  the  business  can  hardly  be  so  urgent  apd  crowded 
jny where,  as  to  make  the  passage  through  every  arch  in- 
dispensably  necessary.      Nor  was  the  inconvenience   of 
this  obstruction  greatly  complained  of  during  the  wxs 
item  of  Westminster  or  Blaekfriars  bridges. 

J^n^se  appeared  to  us  good  reasons  for  prefernng  the 
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BAore  cautious,  and  incoinparably  more  secure,  coii9truc- 
tion  of  Mr  Mylne^  in  which  the  breadth  given  to  each 
base  of  the  trusses  permitted  a  much  more  efiective  disr 
position  of  the  abutting  timbers,  and  also  enabled  the 
engineer  to  make  it  incomparably  stiffer;  so  that  no 
change  need  be  apprehended  in  the  joints  wtiich  have  al- 
ready closed,  and  in  which  the  mortar  has  already  taken 
its  set,  and  commenced  an  union  that  never  can  be  restor- 
ed if  it  be  once  broken  in  the  smallest  degree,  no  not  even 
by  greater  compression. 

64fO.  Here  we  beg  leave  to  mention  our  notions  of  the 
connection  that  is  formed  by  mortar  composed* of  lima 
or  gyp9um.  We  consider  it  as  consisting  chiefly,  if  not 
solely,  in  a  crystallization  of  the  line  or  gypsum  and 
water.  As  much  water  is  taken  up  as  is  necessary  for 
the  formation  of  the  crystals  during  their  gradual  con- 
version into  mQd  ealcareous  earth  or  ala.baster,  and  the 
rest  evaporates.  When  the  free  access  of  air  is  absolutely 
prevented,  the  crystallization  never  proceeds  to  that  stat^j 
even  although  the  mortar  becomes  extremely  dry  and 
hard.  We  had  an  opportunity  of  observing  this  acci- 
dentally, when  passing  through  Maestricht  in  1770,  while 
they  were  cutting  up  a  massy  revetment  of  a  part  of  the 
fortifications  more  than  300  years  old.  The  mortar  be- 
tween the  brinks  was  harder  than  the  bricks  (which  were 
Dutch  clinkers,  such  as  are  now  used  only  for  the  greatest 
loads) ;  but  when  mixed  with  water  it  made  it  lime  water, 
seemingly  as  strong  as  if  fresh  lime  had  been  used.  We 
observed  the  same  thing  in  one  small  part  of  a  huge 
mass  cf  ancient  Roman  work  near  Bomney  in  Kent.| 
but  the  rest,  and  all  the  very  old  mortar  that  we  have  seen, 
was  in  a  mild  state,  and  was  generally  much  harder  thap 
what  produced  any  lime  water.  Now  when  the  mortar 
in  the  joints  has  begun  its  first  crystallization,  and  is  al- 
lowed to  remain  in  perfect  rest,  we  are  confident  thftt  tfap 
subsequent  crystals,  whether. of  lime  or  of  calcareous 
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earth,  or  of  gypsom,  w31  be  much  larger  and  stronger 
tban  can  ever  be  produeed  if  they  are  once  broken  ;  and 
the  farther  that  this  ^AyAallitation  hag  been  carried,  tliat 
ity  the  harder  that  the  mortar  has  become,  less  of  it 
Remain  to  take  anj  new  erystalliflation.  Why  should  it 
be  otherwise  here  than  in  every  oth^  crystallization  tbaC 
Ire  are  acquainted  with  ? 

641.  We  think  therefore  that  it  is  of  gireat  consequenee 
to  keep  the  joints  in  their  JirH  state  if  possible ;  and 
that  th^  strength  (as  far  as  it  depends  on  the  mortar) 
is  greatly  dimiaished  by  their  opening ;  especially  when 
the  mortar  has  acqntrM  consideraUe  faardness^  which  it 
wfH  do  in  a  inontb  or  bix  weeks,  if  it  be  good.  The 
eohesion  given  by  mortar  is  indeed  a  mere  trifle,  when 
opposed  to  a  force  which  tends  to  open  the  jomts,  act* 
ing,  as  it  generally  does,  with  the  transverse  force  of  a 
lever :  t>ut  in  situations  where  the  overload  on  any  paiv 
ticular  archstones  tends  to  push  titepi  down  thfOogh  b^ 
tween  their  neighbours)  *  like  wedges,  the  cahtoion  of  the 
mortar  is  then  of  very  great  consequenoe. 

We  must  make  another  €4»ervBtioa.    Mr  BnTonet^a 
tngenious  process  tended  very  efiectoa&y  to  elose  the 
joints.    In  doing. this,  the  foneds  wfa^di  he  brovght  Into 
action  had  Kttle  to  oppose  them ;  but  as  soon  as  tiie^ 
were  closed,  the  contact  of  the  parts,  formefly   open, 
oppose^  an  obstru^ion  incomparably  greater,  and  imme- 
diately balanced  a  fbree  which  was  but  just  ahie  to  turn 
the  stone  gently  about  the  two  edgesin  wftidi  it  touched 
the  adj<rining  stones.      This  is  an  imporlartt  remarit^ 
though  seemingly  very  trifling ;  and  we  wish  the  prao* 
titioner  to  have  a  very  clear  conception  of  H;  but  it 
would  take  a  multitude  of  words  to  explain  it    It  is 
worth  an  eiperiment.     Form  ^a  little  arch  of  woodet^ 
blocks ;  and  form  one  of  these  so,  that  when  tbey  art 
all  resting  on  the  centering,  it  may  be  open  at  the  outeir 
joint--^JRemov^  the  centering— Then  press  on  the  arch 
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that  a  very  sttialH  preteure  wiK  mdke  ttie  arch  bend  till 
tlMit  joint  l;loses«-^re9s  a  HtHe  iMtfder^  and  the  arch  will 
bend  mdi^,  and  the  n^i  jtitnt  will  «pen.->*^Thu9  you  will 
4kid  that,  by  presshigalleriiirtely  «n  «aeh  aMe  of  the  opeft 
joint,  that  stone  can  easily  be  ni«d6  to  flap  over  to  either 
side ;  and  thalr  iMinediailety  itfter  Ifkia  k  done  tfae^iiesis- 
tanee  inoreaset  greatly;    TMs  shews  dearly,  that  a  rery 
iiMkterate  fofrt^,  judklMidjr  emplafed^  iriil  close  the  jomtai 
bat  will  not  press  the  p«[t8  Wrongly  together.      Th^ 
joints  tliereYore  «re  ckmed^  bift  us  nwre  (Aon  cfessd,  and 
^a»e  henginig  only  by  the  edg^  by  wMch  they  were  hang^ 
-img  wbHe  the  joints  w«lie  open.     The  arch,  tberefbvi^ 
tlwugh  apparetitiy  ariose  and  firm,  is  bvt  loose  and  tot^ 
tering.     Mr  Perronet  says,  that  his  arches  were  firni^ 
tecaRHe  haiv^  a  stone  was  obserf«d  to  ebip  or  sptinter 
eff  at  the  edges  -by  the  settMemeitt.    But  he  tiad  don^ 
mfwrj  thini;  to  prevent  this,  by  -digging  out  the  mortar 
<fhmi  bcftween  the  htadsrs,  to  the  depth  of  two  inches^ 
fwith  saws  made  on  pnrpose.    But  we  are  well  informed; 
that  before  Dhe   year  1791  (twenty  years  after  the  eree^ 
taon)  the  apohes  tft  Neuitiy  had"  sank  very  sensibly,  and 
thai  very  large  splinters  had  flown  oif  in  several  ]riaces. 
}t  -covld  not  be  otherwise. 

64(8.  The  origmil  eonsthiGtioo  was  too  bold ;  we  may 
say  needhsriy  snd  oitentatioualy  'bold.    A  vsery  gentle 
slope  of  the  viMdway,  wMdh  W4N|ld  not  have  slackened 
IJm  mad  gaUop  of  a  dncal  csorriage,  nor  sensibly  checked 
tihe  labdriotts  puU  of  a  loaded  waggon,  and  a  proper  dif- 
ference in  the  sise  of  the  arches,  would  have  made  tbia 
wonderfid  bridge  iDGompavably  stronger,  and  also  mneh 
'  «iore  elegant  and  pleasing  to  the  eye.    Indeed,  it  is  fit 
from  being  as  handsome  as  it  might  fa$ve  been.    Tfat^ 
ellipse  is  a  most  jdeasing  £gur«  to  every  beholder ;  but 
Ais  is  concealed  as  nnieh  as  possible,  and  it  is  attempted 
tp  {^vc'tfae  whole  the  appearance  of  a  toetanendens  Sintd. 
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II  bus  the  cppreaaive  look  of  danger.  It  will  not  be  of 
long  duration.  The  bridge  at  Manta  is  ttiU  more  excep« 
tionable,  because  its  piers  are  tall  and  slender.  If  anj 
one  of  the  arches  fails,  the  rest  must  fall  in  a  moaient; 
An  arch  of  Blackfriars  bridge  mi|^t  be  blown  up  witbout 
disturbing  its  neighbours. 

643.  Mr  Perronet  mentions  another  mode  of  striking  the 
eentering,  which  he  says  is  verj  usual  in  France. .  Eveiy 
second  bridgmg  is  cut  oat.  Some  time  after,  everj  second 
of  the  remainder;  after  this,  everj  second  of  the  re- 
mainder ;  and  so  on,  till  all  is  removed.    This  b  nevtf 

•  practised  in  this  country,  and  is  certainly  a  Teiy  bad 
method.  It  leaves  the  arch  hanging  by  a  number  of  dis- 
tant points ;  and  it  is  wonderful  that  any  arch  can  bear 
thb  treatment 

644.  Our  architects  have  generally  proceeded  witb  ex« 
treme  caution.     Wherever  they  could,  they  supported  the 
centering  by  intermediate  pillars,  even  when  it  was  a 
trussed  centre,  having  a  tie-beam  reaching  from  side  to 
aide.    The  centre  was  made  to  rest,  not  immediately  on 
these  pillars,  but  on  pieces  of  timber  formed  like  acute 
wedges,  placed  in  pairs,  one  above  the  other,  and  having 
the  point  of  the  one  on  the  thick  end  of  the  other.   These 
wedges  were  well  soaped  and  rubbed  with  black  lead,  to 
make  them  slippery.    When  the  centres  are  to  be  struck^ 
men  are  stationed  at  each  pair  of  the  wedges  with  heavy 
mauls.    Tibey  are  directed  to  strike  together  on  the  op> 
posite  wedges.    By  this  operation,  the  whole  centering 
descends  together ;  or,  when  any  part  of  the  aitb  is  ob- 
served to  have  opened  its  joints  on  the  upper  side,  the 
wedges  below  that  part   are  slackened.      The   framing 
may  perhaps  bend  a  little,  and  allow  that  part  to  sub- 
4iide.    If  any  part  of  the  arch  is  observed  to  open  its 
joints  on  the  under  side,  the  wedges  below  that  part  are 
allowed  to  stand,  after  the  rest  have  been  slackened.     By 
this  process,  the  whole  Comes  down  gradually,  and  as 
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^wly  as  we  please,  and  the  deflects  of  every  patl  of  tbo 
irch  m^j  be  atteaded  to.  IndeM  the  caution  and  mo- 
deration of  our  bi^Uders  IiaTe  oommonty  be^  such,  that 
few  defects  have  been  allowed  to  shew  tbeniselres.  We 
are-  but  little  acquainted  with  joints  opening  to  the  ex* 
tent  of  two.  inches,  and  in  such  a  case  would  probably 
lift  eveiy '  stipne  of  '  the  arcb  again.  We  have  not 
employed  trussed  centerings  so  much  perhaps  as  we 
should  have  donp ;  nor  do  we  see  their  advantage  (speak** 
|i|g  as  mere  builders)  over  centres  supported  all  over,  and 
unchangeable  in  their  form.  Such  centres  must  bend,  a 
little,  and  require  loading  on  tl^e  middle  to  keep  them  in 
shape.  Their  compression  and  their  elasti<:ity  are  very 
troublesome  in  the  striking  of  the  centres  in  Mr  Per* 
roneCs  manner.  The  elasticity  is  indeed'  of  use  when  tb# 
centres  are  struck  in  th.e  way  now  described. 

These  observations  on  the  numagement  of  the  inter* 
nal  movements  of  a  great  arch,  will  enable  the  reader  to 
appreciate  all  the  merit  of  Mr  Mjlne^s  very  ingenious 
construction.  We  proceed  therefore  to  complete  ouc 
description. 

646.  The  gradual  enlargement  of  the  base  of  the  piers 
of  Bjkckfriars  bridge  enabled  the  architect  to  place  a 
series  of  five  posts  C,  C,  C,  C,  C,  PI  XII.  Fig.  2..  one  on 
each  step  of  .the  pier ;  the  ingenioos  contexture  of  which 
made  it  like  one  solid  block  ot  stone.    These  struts  were 

> 

gradually  more  and  more  oblique,  till  the  outer  one  formr 
ed  an  obtuse  angle  with  the  lowest  side  of  the  interior 
polygoi)  of  the  truss.  On  the  top  of  these  posts  wM  laid 
a  sloping  sbat  or  beam  D  of  stout  oak,  the  upper  part 
of  which  was  formed  like  a  ^ig-^ag  scarfing.  The  posts 
were  not  perpendicular  to  the  under  side  0f  the  seat 
The  angles  next  ^he  pier  were  somewhat  obluse.  Short 
pieces  of  wood  were  placed .  between  the  heads  of  the 
posts  (but  not  mortisedi  into  them),  tp  prevent  them 
frpm  sUpping  back,    ^ach  fac^  of  tb^  scaff  ;itra4  covered 
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wMh  a  thick  and  smootb  plate  of  copper.  The  feet  of 
tlie  trass  were  mortised  into  a  similar  piece  F^  which 
may  be  called  the  sols  of  the  trvss,  haring  its  lower  aide 
aotcbed  in  the  same  manner  with  the  upper  side  of  H, 
and  like  it  covered  with  copper.  Between  these  two 
lay  the  traiKiNO  wsooa  E,  Che  faces  of  which  comesponJ 
exactly  with  the  slant  ftces  Of  the  seat  and  the  aoie. 
The  wedge  was  so  placed,  thalt  the  corresponding  faces 
touched  each  otiher  far  about  half  of  their  length.  A 
block  of  wood  was  put  in  at  the  broad  end  or  base  of 
Ibis  wedge,  to  keep  it  from  8li{]^tng  back  diuing  the  laj* 
big  the  archstones.  Its  outer  end  E  was  bound  with  iron, 
and  had  an  iron  bolt  several  inches  long  driven  into  it. 
The  head  of  this  bolt  was  broad  enough  to  cover  the 
whole  wood  of  the  wedge  within  the  iron  ferrule. 

We  presume  that  the  reader,  by  this  time,  foresees  the 
use  of  this  wedge.    It  is  to  be  driven  in  between  Uie  sole 
and  the  seat,  having  first  taken  out  the  block  ot  the  base 
of  llie  wedgie.    As  it  advances  into  the  wider  spaeea,  the 
whole  truss  must  descend,  and  be  (teei  finom  the  arch ; 
but  it  will  require  prodigious  blows  to  drive  it  buck. 
Mr  Mylne  did  not  think  so,  foiiadfaig  his  ezpectatioii  on 
what  he  saw  in  the  launching  of  great  ships,  whidi  slide 
Wry  easily  ou  a  slope  of  10  or  12  degrees.    He  rather 
feared,  that  taking  out  the  blocfc  behind  woidd  aHow  the 
wedge  to  be  pushed  back  at  once,  so  that  the  descent  cC 
ahe  truss  would  be  too  rapid.    However,  to  be  certun 
of  the  operation,  be  had  prepared  an  shondant  force  in  a 
vary  ingenious  manner.    A  heavy  beam  of  oak,  armed 
at  the  end  with  iron,  was  suspended  from  two  points  of 
the  centre  like  a  battering  ram,  to  be  used  in  the  same 
manner.     Nothing  could  be  mdre  simple  in  its  structure, 
more  powerful  in  its  operation,  or  more  easy  in  its  manage- 
ment   Accordingly  the  success  was  to  bis  wish.     The 
*w«dge  did  not  slip  ba<<k  of  itself;  and  very  moderate 
blows  x>f  the  ram  drove  it  back  with  the  greateat  ease. 
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Tl|e  whole  operation  was  aver  in  a  very  few  mimitea. 
The  spectators  had  suspected^  that  the  space  allowed  for 
the  recess  of  the  wedge  was  not  sufficient  for  the  settle- 
meot  of  the  arch ;  but  the  architect  trusted  to  the  pre- 
cautions he  had  taken  in  its  construction.  The  reader* 
bj  turning  to  the  article  Aaca*  will  see,  that  there  was 
pnly  the  arch  LY  which  could  be  expected  to  settle :  ac* 
tordin^f,  the  recesa  of  the  wedge  was  found  to  be  much 
more  than  was  neeesaaiy.  However,  had  this^  not  been 
the  case,  it  was  only  necessary  to  take  out  the  pieeei 
between  the  posts  below  the  seat,  and  then  to  drive  hack 
the  heads  of  the  stmts ;  but  this  was  not  needisd,  we  be- 
lieve, in  any  of  th^e  arches.  We  are  well  assured  that 
none  of  the  arches  sunk  an  inch  and  a  half.  The  great 
furch  of  100  fi^t  span  did  not  sink  one  ipch  at  the  crown*. 
|t  could  hardly  be  perceived  whether  the  arch  quitted  the 
centering  gradually  or  not,  so  small  bad  beep  the  changes 
of  shape.   ' 

646.  We  have  ne  hesitation  in  saying,  that  (if  we  ex* 
cept  some  waste  of  great  tin^b^r  by  uncommon  joggling) 
the  whole  of  this  performance  is  the  most  perfect  of  any 
that  has  come  to  our  knowledge. 

647.  The  subject  which  we  have  been  considering  is 
very  closely  connected  with  the  construction  of  wooden 
bridges.  These-  are  not  always  constructed  on  the  sole 
principles  of  equilibrium,  by  means  «f  mutual  abutment 
They  are  stiff  frames  of  carpentry,  where,  by  a  proper 
disposition,  beams  are  put  into  a  state  of  ext^sion,  as 
well  as  of  compression,  so  as  to  stand  in  place  of  solid 
bodies  as  big  as  the  spaces  which  the  beams  inclose; 
and  thus  we  are  enabled  to  couple  two,  three,  or  lour  of 
these  together,  and  set  them  in  abutment  with  each 
other  like  mighty  archstones.  We  shall  close  thb  ar- 
ticle, therefore,  with  two  or  three  specimens  of  wooden 
bridges,  disposed  in  a  series  of  progressive  compositiott, 
io  as  to  serve  as  a  sort  of  introduction  to  the  art  in  gene- 
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itil,  and  furnish  a  principle  which  will  enaUe  the  intelli- 
gent and  cautious  artist  to  push  it  with  confidence  as  far 

as  it  can  go. 

The  general  problem  is  this.   Suppose  that  abridge  is  to 
be  thrown  over  the  space  AB  (PL  XII.  Fig.  3.),  and  tbat 
this  is  too  wide  For  the  strength  of  tb6  siise  of  timber 
which  is  at  oui'  command ;  how  ntay  this  beam  AB  be 
supported  with  sufficient  effect  ?    '  There  are  but    two 
ways  in  which  the  middle  point  C  (where  the  grentest 
•train  is)  can  be  supported :  1.  It  may  be  suspended  by 
two  ropes,  iron  rods,  or  wooden  ties,  DC,  EC,  made 
fast  to  two  firm  points  D,  E,  above  it ;  or  it  may  rest  oil 
the  ridge  of  two  rafters  d  C,  e  C,  which  rest  on  two  firtn 
points^  e,  below  it.    2.  It  may  be  supported, by  con- 
necting it  with  a  point  so  ^uppcrrted ;  and  this  connec- 
tion may  be  formed^  either  by  suspending  it  from  this 
point,  or  1^  a  post  resting  on  if.   '  Thus  it  may  bang,  'by 
means  of  a  rod  or  a  king-post  FC,  from  the  ridge  P  of 
two  rafters  AF,  BF ;  or  it  may  rest  on  the  strut  C  f^ 
whose  lower  extremity  f  is  carried  by  the  ropes,  rods,  or 
wooden  ties  AJ^  B^! 

Whichsoever  of  these  methods  we  employ,  it  folIows^, 
from  the  principles  of  carpentry,  that  the  support  giten 
to  the  poitit  C  is  so  much  the  more  powerful,  as  we  make 
the  angle  DCE,  or  d  G  e,  or  the  equivalent  angles  AFB> 
or  A/^B,  more  acute. 

Each  of  these  methods  may  be  supposed  equally  strong. 
Our  choice  will  depend  chiefly  on  the  facility  of  finding 
the  proper  points  of  support  D,  E,  d,  e,-  esccept  in  the 
second  case,  where  we  require  no  fixed  points  but  A  and 
•B.  The  simple  forms  Of  the  first  case  require  a  great 
extent  of  figure.  Very  rarely  can  we  suspend  It  from 
points  situated  as  D  and  E.  It  is  even  seldom  that  we 
have  depth  enough  of  bank  to  allow  the  support  of  the 
rafters  dC^eC;  but  we  can  always  find  room  for  the 
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^wAfie  truss  APfi.  This  therefore  is  the  most  usually 
practised.  r 

648.  In  the  construction,  we  must  follow  the  maxims 
and  directions  prescribed  in  our  articles  Carpentry  and 
BooF.  The  beams  FA,  FB,  must  be  mortised  into  AB^ 
in  the  firmest  manner,  and  there  secured  with  straps  and 
bolts;  and  the  middle  must  hang  by  a  strap  attached  to 
the  king-post  FC,  or  ta  the  iron  rod  that  is  used  for  a 
king-post  No  mortising  in  the  point  C  must  he  em* 
ployed;  it  is  unnecessary,  and  it  is  hurtful,  because  it 
weakens  the  beam,  and  because  it  lodges  water,  and  soon 
decays  by  rot.  The  best  practice  is  not  to  suspend  the 
beam  immediately  by  this  strap,  but  to  let  it  rest,  as  in 
Fig.  4.  on  a  beam  C,  which  crosses  the  bridge  below,  ^A 
has  its  other  end  supjjorted  in  the  same  manner  by  i\kt 
other  truss. 

.  It  is^ndent  that  •  the  length  of  the  king-pout  h^  n<^ 
effect  on  the  support  of  C.  We  may  therefore  contract 
every  thing,  and  preserve  the  same  strength  of  support^ 
by  finding  two  points  a  and  b  (Fig.  5.)  in  the  banks, 
at  a  moderate  distance  below  A  and  B,  and  setting  up 
the  rafters  a  F,  A  F,  and  suspending  C  from  the  short- 
ened king-post.  In  this  construction,  when  the  beam 
AB  rests  on  a  cross  bearer,  as  is  drawn  here,  the  struts 
o  F,  &  F,  are  kept  cle$r  of  it.  No  connection  between 
them  is  necessary,  and  it  may  be  hurtful,  by  ihducing 
cross  strains  on  both.  It  will,  however^  greatly  increase 
the  stiffness  of  the  whole.  This  construction  may  safely 
be  loaded  with  ten  tinles  the  weight  that  AB  can  carry 
alone. 

649.  Suppose  this  done,  and  that  the  scantling  of 
AB  is  too  weak  for  carrying  the  weight  which  may  be 
brought  on  the  parts.  AC,  CB.  We  may  now  truss 
up  each  half,  as  in  Fig^  6.  and  then  the  whole  will 
form  a  handsome  bridge,  of  the  simplest  construction 
possible.    The  intersections  of  the  secondary  braces  with 
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tbote  of  tiku  nmm  trust  wilt  totm  ft  baad-nitt  of  agreeable 
figure. 

.  We  are  noi  conikied  to  the  empbjinftni  of  an  entire 
piece  AB,  nor  to  a  rectilineal  fern.  We  pay  firaoM 
tbe  bridge  as  in  Fig.  7.  and  in  this  fom  we  di^auade 
irofid  allowing  mty  connection  witk  tibe  middle  points 
of  tbe  main  braces.  This  construction  also  may  be  fbU 
lowed  till  each  beam  AC  and  CB^  is  loaded  to  t<d 
tiflses  what  it  can  safdj  bear*  witbont  the  seeondai^ 
trussing. 

660.  There  is  anc^her  way  by  wbtck  a  bridge  of  on€ 
btana  may  be  snpfKMted  beyond  the  power  of  tbe  first  and 
fimp^fffft  canstroctipn.  This  is  represented  in  Fi^  & 
and  Fig.  9.  Tbe  truss  beam  FG  sbouM  occnpy  one^ 
third  of  AB.  TW  advantage  of  this  conatmctimi  ia  vary 
considerable.  The  great  elevation  of  the  braoes  (wbts^ 
is  a  principal  element  of  tbe  strength)  in  pstsewed^  and 
tbe  braces  are  greatly  shortened.. 

This  method  may  be  pushed  stiU  fartfi^,  as  iit^Fi^ 

10. 
651.  And  all  these  methods  mey  be  combined,  by  jfoin- 

ing  the  constructions  of  Fi|^.  8.  and  Fig.  9.  with  that  of 

Fig.  10. 

In  all  of  them  there  is  much  room  for  tbe  display  of 
skill»  in  the  proper  adjustment  of  tbe  scatilling  of  the 
timber,  and  the  oblicj^uity  of  the  braces  to  tbe  lengths 
of  the  difTererit  bearings.  A  very  oblique  strut,  or  a 
slender  one^  will  suf&qe  for  a  small  load,  and  may  often 
give  an  opportunity  to  increase  the  general  strength ; 
while  the  great  timbers  and  upright  supports  are  reserv- 
ed for  the  main  pressures.  Nothing  will  improve  the 
composition  so  much  as  reflecting  progressively,  and  in 
the  order  of-  these  examples,  on  the  whole*  This  alone 
can  preserve  the  great  principle  in  its  simplicity  and  full 
energy. 

fia2.  These  constructions  are  the  elements  of  all  that 
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can  be  doife  in  the  art  of  building  wooden  bridges,  and  are 
to  be  found  more  or  less  obviously  and  dktinctly  in  aU  at- 
tonpts  of  this  kind.  We  may  assert,  that  the  more  obvi- 
ously  they  appeikr,  the  more  perfect  the  bridge  will  be.  It 
is  astonishing  to  what  eactent  the  principle  may  be  carried. 
Weliave  seen  abridge  of  42  feet  span  formed  of  two  oak 
trusses,  the  biggest  thaber  of  which  chdnot  exceed  six 
inches  square,  bearing  with  perfect  steaifiness  and  safety  a 
waggon  loaded  with  more  than  two  tons,  drawn  by  four 
stout  horses.  It  was  framed  as  Fig.  16.  nearly,  with  the 
addition  of  the  dotted  lines,  and  was  near  thirty  years  <dd; 
protected,  however,  from  the  weather  by  a  wooden  roof,  as 
many  bridges  in  Germany  are. 

We  recollect  another  in  the  neighbourhood  of  Stettin, 
which  seemed  constructed  with  great  judgment  and  spirit. 
It  had  a  carriage-road  in  the  middle,  about  SO  £eet  (we 
think)  wide,  and  on  each  side  a  foot- way  about  five  feet 
wide.  The  span  was  not  less  than  60  feet,  and  the  great- 
est  scttitlii^  did  not  appear  to  exceed  10  inches  by  6.     " 

This  bridge  consisted  of  four  trusales,  two  of  which  form- 
ed the  outside  of  the  bridge,  and  the  other  two  made  the 
separation  between  the  carriage-road  and  the  two  foot-ways. 
We  noticed  the  construction  of  the  trusses  v^  particular- 
ly, and  found  it  similar  to  the  last,  except  in  the  toiddle  di- 
vision of  the  upper  truss,  wlaeb,  being  very  long,  was 
double-trussed,  as  in  Fig.  17. 

The  reader  wiU  find  in  that  volume  of  Lenpold^s  Thea^ 
irum  Machinammy  which  [he  calls  Tlieatrum  Pontificumy 
many  specimens  of  wodden  bridge^/  which  are  very,  frequent 
in  the  champain  pafts  of  Getmany.  They  al*e  not^  in  ge- 
neral, models  of  mechanic  art ;  bit  the  refieeting  reader^ 
who  considers  them 'cor^t^,  will  pick  up  here- and  there 
subordinate  hints,  which  are  ingenious,  and  may  sometimes 
be  useful. 

What  we  have  now  exhibited  are  not  to  be  considered  as 
models  of  construction,  but  as  elementary  examples  and 

VOL.  I.  2  Y 
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fiur  Ittdiiig  die  veoder  4sy«teautioBUy  iafto  «  tbo- 
iwg^  QOodiptioB  of  tlw  sulgeot 

66&  We  cuMt  quit  the  sttbjecC  willMMit  tiJd^g  notioe 
of  a  ymj  womdodvi  hmigt  at  Witteagea  ia  SwitKrland, 
d^tly  4k8fnbed  by  Mr  Cose  (Tfrtwds,  voL  L  13S.) 
ItimfaaoiiitniotioBi  Bran  Mpk  alill  tkui  lliebci4gaa 
w^kiire  beia  dnmbi«g.    Tbe  apaa  k  S90  laety  and  k 
iiM  wl/  8&    Tka  abeldi  (Eig*  18.)  wUl  iadk»  k  anC: 
fiflifla^  kilaUfigiUe.    ABC  iaoneof  tbetwcgmi;  rndia^ 
iffpraabluQg  fta  a  GateoariMi  alu^ie,  buik  up  ^  aevem 
eoanea  of  aelid  logs  of  oak,  io  kagHn  of  IS  or  14  feet» 
md  16  MMJiafl  or  sMire  ia  thickafWii    These  an  all  picked 
of  a  natural  ahi^,  suited  to  the  iBteadad  curve;  so  that 
the  woed  is'  nowbeve  oat  acvoM  tbe  gruB  to  tnia  it  iDto 
abipe.    Theae  legs  are  kid  above  eieh  other»  a»  that  tfaar 
ahattingjaintaaiealtenuUe^IihethoseofafaMk-waUj  and 
k  k  indeed  a  woedea^wall  aintply  built  vip,  by  layiag  the 
{■eeea  upon  each  odber,  t^Eing  cafe  to  make  the  abuttia|[ 
jointe  as  doee  aa  poaaible    Thqr  are  not  feelwied  together 
by  pina  or  bolt%  or  by  eoarfings  of  any  Uad.    Tbej  ai^ 
howeMTt  held  togetbcr  by  iron  atnfs,  which  aumNind 
Oaai^at  the  dktanoe  of  five  leet  Aoia  eadi  atbar^  irfaere 
they,  aie  faatened  by  boke  aad  k^e. 

Thcae  two  asdiee  hariog  been  erected  (by  ^  help^  we 
praaueac^  of  piUarii  or  a  oeatering  of  sone  kiad),  andw^a 
butted  against  the  rock  on  each  ode,  were  fireed  fon  &ek 
eupportfl,  and  dlowcd  40  eettk.  Ilby  ave  so  phned*  ^t 
the  inteaded  road  aft  « iatersectg  then  about  the  aaddk  of 
their  height  The  road-way  k  aiq^perled  byeraeejoietai 
which  rest  oa  a  long  horizontal  eunnoer  heera.  Tbk  k 
ooanetted  lath  die  arehee  oa  eadi  mde  by  uprighia  bc4ted 
into  them.  Tbe  whole  k  covered  with  a  reod^  which  pnK 
jecte  over  the  aidiea  on  eech  aide^  todefend  them  fioBi  the 
weather.  Three  of  the  spaces  between  these  uprights  baie 
struts  or  braoesi  which  give  the  upper  work  a  aort  of  truss- 
ing in  that  part. 
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Thb  o^BStnietim  is  ampfe  aiid  afthis ;  afid  appeiirsy  by 
tfie  Attempt  to  truss  the  &uis,  to  be  tlie  perfbrmanoe  oFa 
perscxn  ignorant  of  principle^  who  has  taken  the  whole  no- 
tion from  a  stcne  ardi.  It  is,  howaver^  of  a  strength  mudi 
more  than  adeqaate  to  any  load  that  can  be  kiM  on  it.  Mr 
Coxe  saySy  but  does  not  explain  how,  dial  it  is  so  contrired 
that  any  part  of  it  can  be  repored  Independent  of  the  nst 
It  was  dMlast  work  of  one  Uliieh  Grabeamann  of  Tiiflkn, 
in  the  cantcxi  of  Appensel^  a  earpenter  withont  edueation^ 
but  Gektvated  for  several  works  of  the  same  kind ;  pus 
licolariy  the  bridge  omr  the  Rhine  ,at  Sdbaffhausen,  coft. 
iBisting  of  two  arches,  one  of  17C  and  the  other  of  198 
ttet  span,  both  resting  on  a  small  rock  near  the  middle  of 
the  river.* 

While  writii^  this  article,  we  got  an  aooount  of  a 
wooden  bridge  erected  hi  North  America,  in  wlndi  this 
mmple  notion  of  Grubenmann's  is  mightily  improved.  The 
span  of  Ae  areh  was  sud  to  exceed'  5UK)  ftet,  and  its 
rise  ezeeedii^ly  small  The  description  we  got  is  wry  ge- 
neral, but  saAdent,  we  think,  to  make  it  petfeetiy  iatd* 
ligible. 

684.  In  Tig.  19.  DD,  BE,  FF,  are  supposed  to  betivee 
beams  of  the  arch.  They  consist  of  logs  of  thnber  of  small 
kngthl,  suppose  of  lOor  19  feet,  such  as  can  be  feund  of 
a  currature  suited  to  its  place  in  dm  aidi  withowt  trinmaing 
it  across  die  grain.  Each  beam  is  double,  consisting  oi 
two  logs  appHed  to  each  other,  side  to  side,  and  lireaking 
jaimty  as  the  workmen  term  it.  They  are  kept  togellier  by 
wedges  and  keys  driven  through  them  at  short  intervals, 
as  at  K,  L,  &c. 

The  manner  of  joining  and  strongiy  landing  the  two 
ride  jneees  of  each  beam  is  diown  in  lig.  90.    The  mortise 

1 : 

*  Drawings  of  this  remarkable  bridge,  which  is  now  destroyed, 
ivill  be  fbnnd  in  the  Edinbvkgh  ENcrcLor^Df  a,  vd.  IV.  p.  S5S^ 
Hates  LXXXIX  sad  XC— Ed. 
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ai  cb  and  d£ti  th,  wUdi  b  cut  in  eechhalf  bean,  is  oeofl- 
derahly  kmger  on  the  outaide  than  on  the  inside,  where  the 
two  moitifiaB  Jmeet  Tvo  keys,  BB  and  CC,  aie  fanned, 
eaeh  with  a  Dotch.ft. c d»  orjat  a,.onitB8ide;  which  notch 
Atf  ope.  end  of  the  nrntise.  The  inner  aide^  the  key  is 
;6^;caight»  butisd  farto^,  that  when  both  keyaaie.in  their 
places,  •  t^y  kaye  a  qpape  hetween  them  wider  at  one  end 
than  at  the  other.  A  wedge  AA»  having  the  same  taper 
as  the  space  just  mentioned,  is  put  into  it  and  drivcB 
.haid.  It  is  evid^t  that  this  must  hoLd  the  two  iogA  Bna^ 
Jytpg^ether« 

This  is.a  way  of  uniting  timber  not  mentioned  in  the 
article  CARPaiiTBY ;  and  it  has  some  pecuharities  worthy 
of  notice.  Xn  the  first  pkee,  it  may  be  emfdoyed  so  as  to 
produce  A  very  ..strong  httera)  coonesdon,  and  would  then 
GXH^porBta  finely  with  the  other  srtificial  methods  of  scarf- 
ing and.  tablii^  that  we  described  in  the  article  referred  to. 
Bpi;  it  requires  nice  attention  to  some  ciicumstaaoes  of 
constmctkHi  to  aecuse  this  effect  If  the  joints  aie  accu- 
ratp^  formed  to  each  other,  as  if  the  whole  had  been 
one  piece  divided  by  an  infinitely  thin  saw,  this  mamer 
of  joining  will  ke^  them  aU  in  thehr  plaees.  But  no  driv- 
ilig  of  the  wedge  AA  will  make  them  firmer,  or  cause 
one  piece  to  press  hard  on  the  other.  If  the  sbutment  of 
two  parts  of  the  half  beam  is  alrsady  dose,  it  will  remain 
so;  but  if  open  in  the  smallest  degree,  the  driving  of  the 
wedge  will  not  make  it  tighter.  In  this  respect,  there- 
fore, it  is  not  so  proper  as  the  f<»ins  described  in  Cak^ 

In  order  that  the  method  now  described  may  have  the 
e&ct  of  drawing  the  halves  ci  the  beams  together,  and  of 
keeping  them  hard  squeezed  on  each  other,  the  joints  must 
be  made  so  as  not  to  correspond  exactly.  The  prominent 
angle  aio  (Fig.  21.),  formed  by  the  ends  of  the  two  half 
mortises,  must  be  made  a  little  more  obtuse  than  the  angle 
aj'o  of  the  notch  of  the  key  wUch  thb  proninenee  is  in- 


CBNTRSS  FOR  BRIDGET.  709 

tended  to  fill  up.    Morecyrer,  the  opposite  aide  ei  of  tins 
.key  ahoold  not  be  quite  straight,  but>a  very  littk  oeovex. 

With  these  precautioDSy  it  is  easy  to  see  that,  by  driving 
4he  wedge  AA9  we  caude  the  notch  afo  to  tfike  hold,-  first 
at  the  two  pieiiits  a  and  o,  and  Ih^i,  by  ooptinuing  to  drive 
the  wedge,,  the  side^  a/|  of 9  of  the  notch  gradually  com- 
presa-the  wood  of  tbe.half  beams,  and  {uress  them  on  each 
^)ther«  By  continuing  to  drive  the  wedge,  the  mutual  com- 
presaion.of  the  key  and  the  beam  squeeaes  all  togedier, 
and  the  apace  nfo  i  is  completely  filled  up.  We  may  see, 
from  this  process,  that  the  mutual  compression  and  draw- 
ing together  of  the  timber  will  be  greater  in  proportion 
JBB  we  make  the  angle  aio  more  prcxainent,  and  its  cor- 
responding angle  afo  mcwe  deep;  always  taking  care  that 
the  key  shall  be  thick  enough  not  to  break  in  the  narrow 
part 

This  adjustment  of  the  keys  to  the  mortise  is  necessary 
on  another  aocount.  Suppodng  the  joints  to  fit  each  other 
exactly  befivre  driving  the  wedge,  and  that  the  whole  shrinks 
a  little  by  drying— by  this  the  angle  aio  will  become  more 
pvcminent,  and  the  angle  a/V>  will  become  more  shallow ; 
the  jeint  wUl  opea  at  a  and  o,  and  the  mutual  concession 
will  be  at  an  end. 

We  may  also  observe,  that  this  method  will  not  give 
any  additional  firmness  to  the  abutments  of  the  different 
lengths  employed  to  piece  out  the  arch*beam ;  in  which  re- 
qpect  it  differs  materially  from  the  other  modes  of  j<nning 
timber. 

Having  shown  how  each  beam  is  pieced  together,  we 
must  now  show  how  a  number  of  them  are  united,  so  as  to 
compose  an  arch  of  any  thickness.  This  is  done  in  the  very 
same  way.  The  beams  have  other  mortises  woriced  out  of 
their  inner  sides,  half  out  of  each  half  of  the  beam.  The 
ends  of  the  mortises  are  formed  in  the  same  way  with  those 
already  described.  Long  keys  BB,  CC,  (Fig.  19.)  are 
made  to  fit  them  prqperly,  the  notches  being  placed  so  as 


710  ^^  'I'ffB  COMfE0CfrO1l  OP 

to  ke«p  the  beams  at  a  proper  <fiatanee  from  each  other.  It 
18  wsfw  jMn  that  driTiiig  in  a  long  wed^  AA  will  btai,  A 
together. 

In  diif  manner  may  an  areh  be  extended  to  way  npi^ 
end  made  of  any  thicknem  of  arching.  The  bffdge  ofv 
Portsmouth  river,  in  North  Ameiica,  was  moie  theoi  890 
feet  in  length,  and  consisted  of  sereral  parafid  ardies  of 
beams.  The  inventor  (we  think  that  his  same  is  Biudget) 
said  that  he  found  the  strength  so  great,  that  hecookl  wMi 
•  perfect  eonfidenoe  make  one  of  focv  times  the  spgn. 

We  admire  the  ingenmtj  of  this  oontonolkm,  and  think 
H  very  effectual  for  bringing  the  timbers  into  finn  and  imi- 
form  abutment ;  bat  we  imagine  that  it  requires  eqpiiHbm- 
tion,  because  it  is  extremdy  flexible.    There  is  nodiing  to 
keq>  k  from  bending,  by  an  inequality  of  load,  but  the 
transrerse  strength  of  the  beams.    The  keys  and  wedges 
can  have  vety  little  power  to-  prevent  this  bending.     The 
distance  between  the  beams  will  also  oontribute  Utile  or 
nothing  to  the  stiffness;  nay,  we  iBDagine  that  a  great 
distance  between  them  will  make  the  finme  more  flexible 
Could  the  beams  be  placed  so  near  each  othor  that  they 
could  be  somehow  joggled  on  each  other,  the  whole  would 
be  stiffer ;  but  at  present  they  will  bend  fike  dK  platea  of 
a  ooach-spring.     But  nothing  hinders  us  from  adding 
diagonal  pieces  to  this  oonstruction,  which  will  give  it  any 
degree  of  stiffness,  and  will  eliable  it  to  bear  any  inequali* 
ty  of  loading.     When  completed  in  this  manner,  we  imap 
gine  that  it  will  be  at  least  equal  to  any  constructioD  that 
has  been  yet  thought  of.    One  advantage  it  possesscff  that 
is  very  precious :  any  piece  that  faUs  may  be  Ukea  out, 
and  replaced  by  another,  without  disturlnng  the  rest,  and 
without  the  smallest  risk.    On  the  whole,  we  diiiik  it  a 
very  valuable  addition  to  British  carpentry.     The  metbod 
here  practised,  both  for  jcnning  the  parts  of  (me  beam  and 
for  framing  the  diflferent  beams  together,  suggests  the  most 
firm  and  light  constructions  for  dome^oofs  that  can  be 
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OMimved;  woomparaihly  superior  to  any  tliat  bare  y^ 
been  eroded*  TJie  whole  may  be  framed^  without  a  nail 
or  a  sgSuSf  into  aae  netJike  sbeU  that  cannot  e^en  be  pull- 
ed in  piecaB.  We  may  parhape  oQMider  thia  in  imolber 
artidb;  at  present  ivieretiu^  to  the  ooncderafeioii  erf*  trnated 
bridle 

Wliea  the  width  of  the  river  exceeds  what  is  thought 
practicable  by  a  sing^  tmas,  we  must  then  eombme,  either 
by  riapie  addition  or  by  flompomiioa,  dtfieeeat  trusses  to- 
gether. We  ccmpese  a  bridge  by  siapie  ad£tioa  vhso 
we  mdke  a  frame  of  carpentry  of  an  uadiaagcaMe.  and  pro. 
per  shape,  to  serve  as  one  cf  the  arob-stones  of  a  bridge  of 
ssasonry.  This  tmy  be  easily  oomprdiended  fay  bokiflg 
atFSg^SS.  Eadi  of  the  frames  A,  B,  C,  D,  moflt  be 
sidered  as  a  separate  body^  and  all  are  supported  by 
wullial  abutmwut  The  naluse  of  the  thing  is  notchaagBd» 
i^thouf^  we  siqipose  that  the  rails  of  the  frame  B,  instead 
of  bang  mootiaad  into  sxk  u|Mright  V  V  unaonnected  with 
the  fiaameCy  is  mortised  into  the  upright  c  c  of  that  ficame, 
the  direeUoD  and  intensity  of  the  mutual  pressures  of  the 
two  fiEMnes  are  the  same  in  both  cases ;  accordingly  this  is 
a  very  eommon  fomnof  small  wooden  bridges.  It  is  usual, 
indeed,  to  pat  disgmal  battens  into  each :  but  we  bel|ev« 
that  tibis  is  moee  frequently  dcme  to  please  the  eye  than  to 
produeean  unalterable  shape  of  each  frame. 

To  an  unskilful  carpenter  this  bridge  does  net  seem  «s. 
senlBally  diffesent  from  the  centering  of  lir  Hupeau  fiir  the 
bridge  of  Orleans  ;  and  indeed,  in  many  caiBes,-it  requires 
icAeetion^  and  sometimes  very  minute  refledaon,  to  distill* 
gmsh  betweeb  a  oonstnidlion  which  is  only  an  addition  of 
inane  to  frame  till  the  widtfi  be  covered,  fixxn  a  oenstriie* 
tien  whereone  frame  works  on  the  adjoining  one  transverse, 
ly,  pushini;  it  in  one  partand  drawing  it  in  another.  The 
ready  way  &r  an  unlettered  artist  to  form  a  just  notion  of 
this  point,  is  to  examine  whether  he  may  saw  throo^^  the 
oooneeting  piepe  V  V  from  one  end  to  the  other,  and  make 
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them  two  oqMvate  {jrames.  Whenever  thk  cannot  be  done 
without  that  part  opening,  it  is  a  construction  by  oomposi. 
tion.  Some  of  the  beams  are  on  the  stretdi;  and  iron 
straps,  extending  along  both  jneoes,  are  neoesnry  for  ae- 
euring  the  jmnt.  The  bridge  is  no  longer  a  piece  of  ma- 
sonry)  but  a  performance  of  pure  carpentry,  depending  on 
pcindples  peculiar  to  that  ait.  Equyibration  is  necessary 
in  die  first  oonstfuction ;  but,  in  the  second,  any  inequafity 
of  loading  is  made  ineflR?ctual  for  hurting  the  edifiee,  by 
means  of  the  stretch  that  is  made  to  operate  on  some  other 
pieoe.  We  are  of  opinion  that  this  most  sonple  employ- 
ment of  the  distinguishing  priodple  of  carpentiy,  by  which 
the  beams  are  made  to  act  as  ties,  will  give  the  most  perfect 
construction  of  a  wide  bridge.  One  polygon  alone  should 
contain  the  whole  of  the  abutments ;  and  one  other  poly- 
gon should  consist  entirely  of  .ties;  and  the  beams  which 
fonn  the  radii,  connecting  the  angles  of  the  two  polygons, 
complete  the  whole.  By  confining  the  attention  to  these 
two  ample  objects,  the  abutments  of  the  outer  polygon, 
and  the  joints  of  the  inner  one,  may  be  formed  in  the  most 
simple  and  eflBcient  manner,  without  any  collateral  connex- 
ioDs  and  dependencies,  which  divide  the  attention,  increase 
the  comidication,  and  commonly  produce  unexpected  and 
hurtful  strains.  It  was  ibr  this  reason  diat  we  have  so 
frequendy  reicommended  the  centering  of  the  bridge  of 
Orleans*  Its  office  will  be  completely  performed  by  a  truss 
of  the  form  of  Fig.  23 ;  where  the  p(dygon  ABCDEF, 
oonasting  of  two  layers  of  beams  (if  one  is  not  sufficient), 
contains  the  whole  abutments,  and  the  other  Ab  c  de¥ 
is  nothing  but  an  iron  rod.  In  this  oonstruetion,  the  ob- 
tnseness  of  the  angles  of  the  lower  polygon  is  rather  an 
advantage.  The  braces  G  c,  G  d^  which  aire  wanted  for 
trussing  the  middle  of  the  outer  beams,  will  effectually  se- 
cure the  angles  of  the  exterior  polygon  against  all  risk  of 
change.  The  reader  must  perceive  that  we  have  now  ter- 
minated in  the  construction  of  the  Norman  roof.     We  in- 
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deed  Uunk  it  the  best  general  fomi,  when  iome  moderate 
declivity  is  not  an  insuperable  objection.  When  this  is  the 
case,  we  recommend  the  general  plan  of  the  centering  of  the 
bridge  of  Orleans.  We  would  make  the  bridge  (we  speak  of 
a  g^t  bridge)  consist  of  four  trusses ;  two  to  serve  as  the 
outsides  of  the  bridge^  itnd  two  inner  trusses,  separating 
the  carriage-way  fixm  the  foot-paths.  The  road  should 
fidlow  the  course  of  the  lower  polygon,  and  the  main  truss 
should  form  the  rails.  It  might  look  strange;  but  we  are 
here  lyeaking  of  strength ;  and  evident,  but  not  unwieldy, 
strength^  once  it  becomes  familiar,  is  the  surest  souroe  of 
beauty  in  all  works  of  this  kind. 


END  OF  VOLUME  FIRST. 
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BY  THOMAS  MYERS,  A.M. 

or  THE   ROYAL   MILITARY   ACADEMY,   WOOLWIGB. 

Tbvri  hat  never,  perhaps,  been  a  period  in  tlie  madtrn  history  of  Europe,  when  it 
tanld  be  less  necessary  than  at  the  present  moment,  to  enforce  reasons  for  pubJishing 
a  ans  System  of  Geography.  The  political*  events  of  the  last  six  years  have,  in  fact, 
to  entiraly  chanif^  the  territorial  relations  of  the  different-Continental  States,  that 
all  existing  Geographical  Works  are,  in  a  measarc,  obBoiHe^  There  is  scarcely  a 
single  Cotmtry  in  Europe  which,  within  the  above  period,  has  not  eaperienced  either 
an- wcrease  or  a  dtniAution  of  its  ppssetsions.  We  do  not  mean  simply  a  contigoons 
increase  or  dimirnitian ;  bat  such  accessions  or  losses  as  have  materially  altered  their 
lelMivia  characters. 

Tlie  various  Acts  and  Treaties  by  which  these  mntations  htve  been  elBrcted,  are 
not  only  difficnlt  of  access,  bnt  combrous  mensMriaU  for  common  use.  The  sum  of 
Moitnei,  ^  sie^MAna,  the  $iterekamt^  the  student,  and  the  traeeiUr,  wo4ild  each  glad^ 
avail  himself  of  a  more  eoovenient  exposition  of  the  actual  state  of  Enrope.  But- 
wliere  wiU  )ie  find  such  a  one^  We  know  not.  There  are,  indeed,  detached  works» 
relating  to  detached  Countries ;  but,  from  their  very  multiplicity,  they  tend  rather  to 
perplex  than  facilitate  inquiry.  It  is  the  object  of  tlie  present  undi'Kaking  to  supply 
this  deficiency  in  our  literature ;  andf  if  we  perform  it  iu  a  manner  equal  to  onr  con- 
ception of  what  it  should  be,  we  may  rely  securely  upon  its  success. - 

We  place,  in  the  very  front  of  our  motives  for  producing  this  New  System  of  Geo*' 
gftphy,  these  peculiar  circnmstances ;  and  we  do  so,  becaase  tliey  snpersede  all  those 
easlomarjr  pertifiUves,  by  which  the  patronage  of  the  Public  is  osaally  solicited 
towards  smcd  enter|h4ses.  Every  man  ^ho  takes  the  slightest  interest  in  public  affairs, 
^r«vy  onewhfoftels  a  naturafl  anxiety  to  know  what  Europe  is,  at  the  present  moment,, 
after  the  (erHMe  convnhions  it  bat  imdergone,  and  who'  wtth'es  to  miderstaiid  tha 
ItoHtica]  tomrttdmi  of  the  'different  States ;  is  consdons  that  his  means  of  doing  to 
are  eitrenefy  hnperfrct.  Onr  task  ^ill  be,  to  remove  tlifit  hnperfection-;  and;  by  afi 
accurate  development  of  the  final  arrangements  made  at  the  Congress  of  Vieima, 
fbnnded  upon  o^doi  and  authentic  Docaments,  to  exhibit  an  exact  Delineation  of  the 
present  condition  of  the  civilized  World. 
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Tbii  it  oar  primarj  pnrpow;  but  this  k  not  all.  With  th*  rettormttfiaof  tbe 
liberties  of  Europe,  aroie  also  the  recovered  freedom  of  scientific  re»carch*aad  lite- 
rary inquiry.  Daring  the  last  four  or  five  years,  large  acceasionA  have  bees  nadr  to 
oar  general  stock  pf  ideographical  Knowledge.  Enterprising  travellerK  fauve  spread 
themselves  in  every  direction,  and  conminnicated  to  the  World  the  resalt  of  their 
observHtions.  Many  doubtful  poiatu  of  science  htfve  thns  been  established ;  many 
unexpected  facts  have  been  verified;  th<f  moral  aspect  of  nationabms  been  vividly 
portrayed;  the  changes  in  manners  and  cnstoms/and  in  political  influence,  iiave 
been  ascertained ;  venerable  errors  have  been  corrected ;  important  tratlis  eincidaledt 
and,  in  short,  the  energies  of  nntmpeded  intellect  have  been  applied  to  tbe  sanrej  of 
the  World  in  such  a  way,  as  spreads  an  ample  stiare  of  nocfUy  before  tbe  indosCrioas 
Compiler  of  a  geoeraphical  System.  These,  we  need  hardly  add,  shall  nf»l  be  neg. 
lected.  While,  therefore,  the  reader  will  find  all  that  is  unqnestionahle  in  preceding 
Works,  he  may  expect  to  receive,  in  addition,  the  conceoirated  infonnatioD  whidi 
subsequent  researches  have  supplied. 

There  is  a  couhtdnt  flux  in  the  affairs  of  civilized  Man.  Wherever  iiia  iaAaeiwe 
extends,  a  change  is  visible.  What  may  be  called  the  permanent  featorea  of  Nature 
even  are  not  protected  from  this  influence.  It  is  true,  nionntoins  and  rivers  do  net 
remove ;  but  the  hand  of  man  clothes  the  one  with  verdnre^  and  coTera  the  other 
with  traffic.  Where  forests  stood,  cities  are  reared ;  where  the  stagnant  moras 
exhaled  its  baleful  effluvia,  plains  smile  with  cnltivation  ;  where  patfalesa^tracta  spread 
themselves  around,  roads  are  forraed,l)ridges  constructed,  and  villages  spring  np. 
These  ceaseleos  mutations  present  a  bonndtess  variety  to  the  geoeraphtcal  Hiatoriaa ; 
and  tliey  mark,  lit  the  same  time,  the  progressive  advances  ot  States  and  £napires  ia 
tbe  path  of  civilization. 

We  trust  we  have  said  enongh  to  prove,  that  the  fre$e»i  period  Is  one  pecaliaffljf 
fit  for  the  execniion  of  a  Work  like  this.  We  have  shown  that  the  entire  fi^e  of 
Europe  has  nudergonc  apolitical  revolution  since  the  year  18 14;  and  that  a  New 
System  of  Geography,  uhidi  sitould  distinctly  define  all  theeffcrts  of  that  revola> 
tiun,  particularly  as  affecting  territorial  boundaries  and  dominion,  would  be  a  valuable 
accession* to  our  National  1  itei-atnre.  We  have  also  shown,  that  the  facifitiea  of 
international  commnnicaiion,  natnrally  arising  from  a  general  peace,  have  beea 
employed  by  intelligent  individuals  in  accnmolating  valuable  stores  of  Infbnna- 
tion  with  respect  to  the  natural,  the  moral,  and  the  political  condition  of  diflerent 
Countries.  These,  then,  are  the  sources  whence  we  propose  to  derive  our  daima  to 
public  patronage.  If  we  make  a  skilful  use  of  flieni,  there  can  be  little  doobt  aa  to 
that  patronace  being  bestowed ;  and  the  prabability  that  we  shall  ihake  such  a  nse, 
is  at  least  increased  by  the  fact,  that  we  know  and  appreciate  them.  Men  do  not 
conifhonly  fail  in  their  object,  when  ihey  clearly  dijitem  tbe  means  of  attaining  it :  it 
is  only  when  they  have  to  seek  for  the  latter,  that  the  former  sometimes  escapes.— 
We  suhjoiu  a  brief 

Plan  of  t|)e  (DOlorfc. 

It  is  preceded  Hya  copibns  iNTRonvcTion,  commencing  with  the  Htafory  9f  G«v- 
gruphif :  which  i<  followed  by  a  familiar  explanation,  of  its  Scienii/ic  Primiples,  wift 
their  application  to  tinding  the  positions,  bearincs,  and  distances  of  placea,  and  the 
construction  of  fitfaps  and  Charts.  A  general  delineation  of  the  |;rand  nmiwni  /«■> 
iures  and  the  prinripal  phynieul  phgnnmrna  of  the  Globe,  with  their  inflnenee  on  Its 
Inhabitants  and  Productions,  are  then  given.  Hie  elements  of  Political  Getgnphf^ 
also,  are  briefly  illustrated ;  and,  to  render  all  reference  to  other  Works  naneeessary, 
a  full  explanation  of  Seientifie  TermSy  with  a  variety  nf  op/imprNil&raWea,  are  added. 
The  different  Sections  of  the  Work  itself,  are  necessarily  devoted  to  snbjerCs  of  a 
less  eeneral  namre.  They  contain  clear  and  comprehensive  views  of  tbe  local  cir- 
cumstances and  pecniiar  productions  of  each  Country  ;  its  works  of  Art  and  objerli 
of  Curiosity ;  its  Political  State  and  For^^  Connexions.;  with  the  Knowlcd^ 
Manners,  and  Customs  of  its  Inhabitants.  To  these  are  added,  such  Statiatic^l  asd 
Synoptical  Tables  as  exhibit  the  natural  resources,  military  strength,  and  Goauncrail 
ittiffbrtance  of  each  fitate. 

I.  Thi0  Work  will  be  handsomely  print- n  I  If.  The  Work  will  be  acccMnpanied 
ed  in  Quarto,  with  a  bold  and  elegant     with  a  valuable  and  correct  Set  of  m- 


l'>pe,  and  on  Hue  wove  Paper,  .  ||  lourid  Maps,  inclnding  the 

ments  and  Diacoveriei. 
U.   It  will  be  published  in  Monthly  H     IV.  It  will  be  Ulnstrated  7ria&^ 
Parts,  ( Twentj^MJo  of  which  may  be  had,]     variety  of  appropriate  Vi^wsy  apd 
Price  7s.  each,  and  competed  in  Tioealy- .   roos  oilier  Engxavings,  ^Mpr^aeot' 
/9ur  Parts,  forming  two  vbry  ulrgb     Manners,  CnatooiSj  Attitf'Coflaiiiea 
AND  sruNoiD  YovDMss.  ||  fcreut  NatioQi. 
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The  Approbation  which  has  been  generally  bestowed  on  Mr.  Mtbes's 
Oboorapht,  has  sfTorded  the  Pablishers  very  considerable  gratification  ;  but 
tl^ey  ^1  more  peculiarly  flattered  by  many  Testimonies  in  its  favour,,  from 
Gentlemen  duting'uished  for  Clatsical  Learning  and  Scientific  *Aitainfnent», 
among  which  ar^  the  following :  *  *  « 

I. 

From  the  Ute  Mft.  BotiNYCAtTLB,  Proftssor  of  Mathemalict  at  llit  RdiAL. 

'  Military  Academy,  Woolwich* 

Having  looked  carefkUy  over  the  several  parts  of  Mr.  Myerses 
*'  New  System  of  Geography''  already  published,  I  have  no  hesitation  in 
sayings  that  I  think  it  a  very  meritorious  and  useful  performance.  In  the 
unsettled  state  in  which  Geography  lias  been  for  a  number  of  years,  a  Work 
of  this  kind  was  much  wanted;  and,  from  the  specimen  Mr,  Myers  has 
given,^ there  is  every  reason  to  believe  that  the  performance  will  be  con* 
ducted  in  such  a  manner^  as  to  afford  both  pleasure  and  information  to  those 
who  are  desirous  of  obtaining  a  just  and  comprehensive  knowledge  of  the 
subject.  To  a  correct  and  perspicuous  style,  he  unites  a  considerable  stock 
o/*  mathematical  knowledge  :  this  is  a  necessary  and  material  branch  of  the 
Science  he  has  undertaken  to  elucidate,  and  possessed  but  by  few  Writers  on 
the  subject.  It  will  enable  him  to  connect  the  scientific  branch  of  this 
department  of  knowledge  with  its  historical  and  geographical  details,  in  a 
manner  that  cannot  fail  to  render  his  Work  highly  instructive,  and  worthy 
the  approbation  of  the  Public ;  to' which  the  numerous  and  welUejtecuttd 
Mops  and  f^ews  must  also  greatly  contribute, 

« 

Feb.  20th,  1821. 


II. 

From  the  Rev.  W,  B.  Collyer,  D.D.  LL.D.  F.A.S.  &c.  Camberwell. 

I  have  read  Mr.  Myers's  "  New  and  Comprehensive  System  of 
Modern  Geography,"  so  far  as  the  Work  has  proceeded,  with  unqualified 
pleasure ;  and  although  my  feeble  testimony  may  be  of  little  value  to  so^ 
distinguished  a  Publication,  I  cannot  withhold  it,  such  as  it  is,  from  a  pro* 
duction  which  promises  to  be  no  less  advantageous  to  the  World,  than 
honourable  to  the  amiable  and  able' Author,  It  appears  to  me,  'to  combine 
every  excellence  that  can  he  associated  with  tJtat  branch  of  Science  to  which 
it  f elates, 

March  Hth,  1821i 
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III. 

From  Dk.  Olintbus  Gbbookt,  Professor  of  Mathematia  at  Iht  Rotac 

MiLXTAST  ACADBMT,   fToohtHck, 

A  System  rf  "  Modern  Gtograpky"  fr^m  ihepm<^m^  iMrlAy 
Colleague,  3fr.  My&rs,  can  never  stand  in  need  of  my  recommendation. 
Being  requested,  however,  to  express  my  opinion  qfit^l  have  no  hesiialian 
in  saying,  thai  I  regard  U  as  a  very  valuable  Treatise,  on  a  suhjeci  rf 
Universal  Interest.     The  delineations  of  the  peculiarities  of  the  several  parts 
of  the  Terraqueous  Globe  which  come  under  review,  are  perspicuous,  graphical, 
and  correct ;  the  Remarks  upon  the  characteristics  of  the  Inhabitanis,  their 
Habits,  Pursuits,  and  Governments,  are  candid  and  philosophiccd ;  the 
Commercial  and  Statistical  Information  is  well  exhihited,  and  is  generally 
drawn  from  authentic  and  indubitable  sources  ;  and  the  express  Articles  ^ 
the  Treaties  of  Cos GKEss,  and  other  social  compacts  relating  to  differen 
Countries,  are  appropriately   introduced.     The  coloured  Maps  are  ver 
neatly,  and  I  believe,  accurately  executed;   and  the  other  Bngrehnngs 
referring  principally  to  interesting  points  of  Scenery  and  Costume,  ear  real 
embellishments,  to  the  several  *'  Parts*'  as  they  issue  successively  from  the 
press*    The  "  General  Introduction,**  which  is  indeed  **  copious,^*  emd  is 
partly  historical,  partly  philosophical,  partly  mathematical,  portly  moral 
and  political,  is  in  itself  of  high  utility  ;  and,  viewed  in  connexion  sviih  Ike 
system  at  large,  will  be  found  extremely  judidous,  comprehensive,  and 
instructive.'^June  12/A,  182 1. 


IV. 

From  Dr.  Kblly,  Finsbury  Square,  London, 
I  have  perused  the  first  Sisteen  Parts  of  Mr.  Myerses  ^  New 
System  qf  Geography,**  and  have  particularly  examined  ihoee  Articia  am 
which  I  felt  mosi  competent  to  give  an  opinion.  So  far,  the  Work  mppears 
to  me  a  performance  of  great  and  unoomnum  merit ;  planned  withjudgwkeait, 
and  executed  with  due  attention  to  utility,  ornament,  interesting  research, 
and  scientific  accuracy.  The  Introduction  alone,  affords  an  ample  specimen 
of  the  Author*  s  qualifications  for  the  undertaking;  and  the  Body  of  the 
Work  fully  corresponds,  in  every  department.  The  Historical  lUcutradaot 
display  an  extensive  knowledge  ofjntiqnity;  and  /Ae  Topographical  Descrip- 
lions,  an  intimate  acquaintance  with  Modem  Tours,  Travels,  and  ybyaga 
of  Discovery,  and  also  with  Natural  History,  Political  Economy ^  amd  the 
Progress  of  the  Arts,  -  The  Tabular  Contents  are  copious,  well  arranged, 
and  replete  with  new  and  important  matter.  The  Statistical  Colutnns  appear 
to  comprehend  all  recent  changes  of  Territory  -,  and  the  Cooiniercud,  a  mm^ 
full  and  authentic  accouni  of  Exports  and  Imports,  and  of  the  MonHmry 
Systems  and  Metrology  of  Nations,  than  any  yet  published  m  a  if^k  rf 
the  hind.  The  Mathematical  filuoklations  and  Diagnma*  are  ob^wuslyfinm 
the  hand  qf  a  Master;  the  same  may  be  observed  ^  4he  Msp^  Viewiy 
Gostuixies,  and  other  Graphic  Embellishnieots^  which,  on  accotuU  qf  their 
number,  and  the  superior  manner  in  which  they  are  executed,  gregitly 
hance  the  valtte  of  the  JVbrh-^July  Ath,  1821, 


(    5    ) 
V. 

From  the  Rbv.  Dr.  C^iCiibib^  Greenwich: 
A  variety  of  Political  Changes,  and  of  Geological  as  well  as 
Typographical  Diseovmes,  having  rendermi  a  new  Wwrk  9n  '*  Gt&gr^pky'* 
highly  desirable,  I  was  induced  to  become  a  Subscriber  to  Mr.  Myer/s 
Publication,  soon  after  it  was  announced.  My  hopes  and  wishes  heme  not 
been  disappointed.  The  Introduction,  occupying  two  hundred  and  twenty* 
four  pages,  in  which  fie  details  the  History  and  Progress  qf  Geography,* 
explaining  aJt  ihe  same  time  the  Mathematical  and  Astrowomioal  Principles 
of  the  Science,  I  have  read  with  peculiar  pleasure.  The  matter  is  good,  and  ' 
the  diction  neat.  In  the  Hurd  Chapter,  in  which  he  delineates  the  natural 
features  of  the  Globe,  and  which  I  Juwt  perused  qftener  than  once,  he  has 
leen  eminently  sjtcces^fuL  On  the  -various  subjects  ((f  Solar  Heal,  Wind, 
Atmosphere,  Evaporation,  Mountains,  Seas,  and  Rivers,  as  affecting 
Temperature  and  Climate,  I  find  much  curious  and  valuable  Information, 
communicated  in  clear  and  appropriate  language.  The  plan  and  the  execu" 
tion  of  the  great  body  of  the  Work,  as  far  as  it  has  yet  proceeded,^while  they 
evince  the  talents  and  industry  <if  the  AzUhor,  cannot  fail  io  recommend  it 
to  Public  Patronage,  It  compnses  much  novel  and  important  natter, 
collected  with  judgment,  and  arranged  with  perspicuity. — Aug,  8^  182K 

VI. 

From  Dr.  AndrbWj  Prqfessor  of  Mathematics  and  Resident  Head  Classical 
Master,  at  the  B^er  Inbu  Militaat  Sbkikart^  Addtscomie,  near 
Croydon, 

I  have  much  pleasure  in  stating,  that,  in  my  opinion,  Mr,  Myers's  ■ 
"  New  and  Comprehensive  System  of  Modem  Geography,**  so  far  as  it  has 
been  published  (proposed  to  be  completed  in  Twenty-four  Parts,  of  which  I 
I  have  seen  Twenty),  is  an  excellent  and  a  masterly  performance,  and  justly 
merits  a  large  share  of  pstblic  fasfour  and  paironagc^-^HonACE  says  of  the 
sage  and  experienced  I/ltssbs,  "  Mores  multorum  hominum  vidit  et  urbes.*' 
In  this  Work,  without  encountering  the  dangers  and  difficulties  of  foreign 
travel,  may  be  seen  the  Manners  and  Customs,  the  Policy  and  Resources, 
the  Trade  and  Nalural  Productions  of  every  Country  f  oljects  of  great 
importance  to  the  Merchant  and  Soldier,  as  well  as  to  the  Statesman  and 
general  Reader,  Travellers  witljlnd  it  advantageous  to  consult  such  a  Work, 
before  they  leave  their  ewn  ComUry,  thai  they  may  be  prepared  for  making 
proper  inquiries  in  Foreign  Parts,  and  for  seeing  verified  what  they  have 
read.  The  fulness  of  Information  and  Detail  here  conveyed,  is  produced  by 
the  superior  learning  and  research  of  modem  times,  aided  by  general  peace. 
The  style  of  writing,  like  that  (/Goldsmith,  is  natural,  easy,  and  enters 
ttMng  ;  and  the  varieus  quoUUiomS  from  d^ffereni  Authors,  in  their  own 
words,  add  a  richness  and  novelty  throughout,  that  tend  very  much  to  keep 
aiitfe  the  interest  etnd  adtention  of  the  Reader.^^Nov,  \bth,  1821. 


IjmAon  ;-*Pi9Mte4  for  Slicrwoody  Ncely^  and  J6«e»^  PaleniMter  R»w. 
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WITH 
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r 

A  KtimUe  and  ImtnimaU ; 
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AMD  A  DVTAIL  OF  TABIOVB  PBOGRtSBt  IN 

€]^e  ^m  anln  JMranufactum ; 

ALSO,  ' 

A  CONCISE  VIEW  OF 

THE  HUMAN    MIND  AND  THE  PASSIONS^ 

fFlth  their  particular  Application  4o  our  Improvement 


By  JAMES  JENNINGS. 


The  Family  Cyclop.adia  contains  plain  and  familiar  DirecdoDa  for  tmrwg  nay 
X>ucwe  incident  to  the  Human  Body,  with  the  mode  of  treating  AccideutM  ^cneraUy; 
and,  as  it  is  of  importimce  to  know  when  the  attendance  of  a  Medical  Praie- 
titioner  is  absolaiely  necessary,  in  the  Author's  renarti  on  every  IXwac,  tlna  is 
invariably  pointed  out.  An  account  of  every  nsefnl  Medicine  and  I>ra^  is  alss 
giTen,  lind  their  Doses, — with  the  manner  of  preparing  those  most  eoamon  aoi 
nsefnl :  to  which  is  added,  the  Composition  of  almost  every  Qitack  Medicine,  (thit 
its  utility  or  inutilitv  may  h^  known,)  from  peculiar  sonrees  of  iBformatioo. 


(    7    X .       . 

• 

On  tbc  raliiccti  of  Dnrr  and  Kioimbn,  be  flatten  himself,  hU  obtervatiom  will 
be  found  explicit  and  important^  and  hivhiy  deserving  the  attention  of  all  wlio  desire 
eith/r  to  ODtaio,  6r  to  retain,  fi^ood  health,  that  most  ▼aluable  of  blessings.  He 
hopes  what  he  has  stated  nnder  the  articles  UfigeMlion^  Dumer^  Exfirgitt^  &c  will  dot 
be  found  leas  deserving  of  attention. 

Considering  the  various  Accidbnts  to  which  Persons  are  continnally  exposed,  ht 
has  devoted  much  care  and  attention  to  the  treatment  of  such  aa  iMive  talieu  Poisons, 
or  who  have  been  bitten  by  a  Mad  Dog,  Viper,  &c.  \  also  to  Recoverini;  Persons 
apparently  Dead  from  Drowning;  the  mode  of  Escape  from  Honses  on  Fire,  and 
Shipwreck  -,  and  the  treatment  of  Persons  accidentally  Frozen. ,  On  these  heads 
he  has  b€eQ  very  roinate ;  but,  he  trusts,  not  more  so  than  the  imporioaeie  of  the  dif* 
fereut subjects  warrant  and  demand. 

He  has  not  deemed  it  necessary  to  treat  of  Anatomy  at  large;  but  faaa^ 
In  a  compcndiiim  imder  thai  article,  and  under  th«  articles  AbdtOiuHy  Blowd^ 
Beart^  &c.  given  a  snccinct  accotmt  of  every  principal  part  of  the  homan  body; 
without  Some  knowledite  of  which,  up  one  can  be  competent  to  jndge  of  Disease,  or 
of' the  exhibition  of  Medicines  for  its  care.  In  doing  this,  he  has  avoided,  as  mach 
as  possible,  the  use  oi ieekmeui  terms;  or,  if  he  has  used  them,  they  will  be  found  ex- 
plained in  other  parts  of  the  Work ;  so  thai  it  forms,  as  much  as  possible^  a  S^^ 
ItUerpreiing  Bw>iu 

The  Science  of  Chbuistry,  that  seietice  which  has  done  so  much  for  our  conv^ 
Bience  and  oar  wants,  has  not  been  neglected.  The  Author  has  endeavoured  to  embody, 
in  the  different  artides,  all  that  is  essential  in  this  important  branch  of  knowledgje ; 
combining  both  ihstrnction  and  amnsement.  This  science  is  intimately  connected  with 
Domestic  Economy,  and  the  Arts  of  Life  ;  and,  nnder  tlie  articles  Bread,  Brewing^ 
Mnit,  H^tnes,  &c.  he  has  given  such  directions,  foiuided  oo  scientific  principles,  as 
cannot  fail,  he  presumes,  greatly  to  remove  the  obscurity  and  ignorance  mder  whick 
the  different  processes  are  at  present  conducted* 

*  The  Arts  sir  A  OK  rcuLTU  RE  and  Gari>rnino,  including  the  culture  of  Flowers  , 
Trees,  Shrubs,  &c.  have  obtained  hiscarefbl  attentiou,  and  will  be  found  to  conbanu 
the  most  practical,  economical,  and  the  latest  /mfiroMjii€iiis,<— with  an  account  of  Jthe 
various  processes  and  implements  necessary  to  tkcic  important  branches  of  Dohbstig 
Economy. 

.  On  the  Arts,  g^neraiiy,  will  also  be  found  a  variety  of  practical  Instructions.  On 
Colour-making,  Dyeing,  Leather,  Paper,  Scpweringy  Tamdng,  &c.  he  has  endeavoured 
to  collect  all  that  is  practicable  and  useful. 

The  subjects  of  Education,  Morals,  the  Passions,  and  the  Human  Mind,  are 
intimately  connected.  A  Family  CvcLOPiSDiA  demanded  {lieir  Introduction  ;  and, 
whilst  he  has  explored  many  of  the  causes  of  haman  error,  he  has,  he  hopes,  demon- 
strated its  medkabie  nature,  and  that  Virtue  is  the  only  certain  road  to  happiness. 

The  principal  Diseases  to  which  Horses  and  C  attire  are  liable,  are  also  described ; 
with  Directions  for  their  mode  of  Care,  according  to  the  most  approved  modern 
practice. 

To  tlie. subjects  of  Natural  Hisdory,  viz.  Botmty,  Mmen^i^v,  and  &a^^ 
including,  under  this  last  head,  an  accoiiDt  of  Qnadropeds,  Bird^,  Hshes,  .SerpenU^ 
and  fnsects,  he  has  paid-  considerable  attention;  and,  therefore,  ean . cpniideiitly 
recommend  bis  Work,  us  containing  an  epitome  of  all  that  is  known  of  importance 
or  interest,  in  these  depiartments* 

In  a  W(Trk  so  multifarious,  the  Author  considered  it  hfs  dnty  to  seek  ont,and  apply 
to,  the  best  sources  of  Information  that  the  present  improved  state  of  Knowledge 
affords;  and  as  he  has  no  wish  wliateve^,  to  arrogate  to  himself  sentiments  or  facts 
which  belong  to,  or  have  been  stated  by,  others;  in  his  Preface,  which,  with  an 
Introductory  Essay,  ace  ompanies  the  loMt  Part  of  the  Work,  he  has  mentioned 
his  principal  Authorities.  But  while  he  sUtes  tliis,  he  may,  without  vanity,  state  also, 
that  more  miginatity  upon  the  subjects  of  Disbasb,  Diet,  Rboimen,  Education, 
Mind,  and  Morals,  will  be  found  in  hi$  Wark,  than  is  commonly  met  with  in  works 
of  a  similar  nature. 

He  may  add,  indeed,  that  scarcely  an  Article  will  be  found  in  this  Work,wkieh 
lias  not  received  some  addilion  or  impntvemeni ;  he  ventures,  therefore,  to  bopt. 
that  the  Family  CvcwPiBDiA  exluhtto  such  a  complete  Coob  of  C^scTal^Kwasr- 
iBD6B,  as  to  prove  one  pf  the  most  MriuoMe  Vakuiis  that  have  ever  issued  from  the 
Press. 


-<    8    ) 
TssTiif omss  TH  Favour  op  Mr.  JimNnrts's  Crctx^pmsyuZ 

**  Tnm  the  tmw  in  which  the  greiter  put  of  the  Fasht  Crcii»»«DtA  is  irrittrm, 
and  froA  the  nnifonnity  of  character  apparent  tfaroaghoat,  It  witi  be  obviovi  to 
tfverf  mm,  thattUs  If  an  entirely  or^aal  Worfci  and  eempiKSly  exettpt  ftiMi  Iha 
ecBiare  jnitly  bestdwed  on  most  Introdnction  to  Donettic  £eonott|r.  The  adcnce, 
taite,  and  (ood  sense  of  the  Anther,  are  visible  in  every  page  of  tiiiii  laborienapia- 
dnction;  and  his  beneTolent  attcaiptt  te  BMHorate  the  eeodilia*  «f  Ua  Mo«» 
oteat«fct»  hgr  Impiwrenient  in  monila  and  edncatkm,  demand  car  waiwert  praiaet 
This  excellent  manual  of  knowledge  has  already,  we  imdentand,  been  rewj  fiiviiar- 
ably  fe«seiTcd  m  BMnilicay  aa  a  book  of  daily  lafecence  m  the4)amniOB  cosema  of 
lile}  lo  soch  penonaabo  as  tesido  at  a  distance  ipom  great  towns  and  A^mb  meActl 
aid,-*of  who  are  inhabitants  of  the  British  Colonies,  (particiahirfy  to  aU  aettlera  in  new 
Conntric8,^the  Family  Cjclopsdia  is  really  invaloable  ;-as  it  forms  a  poriaUe  f  ihiBf 
nf  qatfiil  luwwledfe;  of  tmy  r^trente^  and  contains  a  grant  Tariciy  of  infnrtnaliiiBj 
iiot  to  be  Amnd  hi  other  worlu  of  shnihir  pretenshmi  or  of  giealer  nmgiiitnde. 

**  Notwithstanding  the  Tariotts  subjects  treated  in  theae  comprdiensive  Yolnniei, 
the  Anther's  ityle  ia  generally  neat  and  perspieoons  j  and,  wbik  he  sfndionily  nrcUi 
coarse  nod  mlgar  expressions,  he  is  never  technical  or  obacnre.  The  mswters  «f 
oar  joomalr  will  find  ranch  practicable  and  useful  ioforttation  on  the  subject  of  He 
Arts  in  this  work,  which  Mr.  Jennings  seems  to  have  obtained  from  the  best  and  moot 
aathentle  ronreos,  as  well  as  having  added  mneh  original  matter  of  his  own.'— 
St^Hfwur^  Juris  ano  (laMnMS* 


^  The  Family  Cyclopmdiat  by  Jambs  JuiniiroB,  contains  a  large  mais  of 
amtlsn,  on  snbfocta  connected  with  the  domestic  eeonomy  of  fife.  In  matters  of 
iciencc  and  art,  the  author  baa'made  his  selections  from  sonrcet  of  the  beat  authority. 
The  original  materials  supplied  by  hiinself  are  creditable  to  his  obatrvation,  good 
sense,  and  benevolence*  Almost  every  topic  of  general  interest  will  be  found  in 
this  comprehensive  and  Jndiciooa  compHation,  treated  In  a  clear  and  familiar  asaa- 
ner.  As  a  book  of  daily  reference  in  the  common  concerns  of  life,  it  will  be  found 
to' afford  important  assistance,  and  its  great  practical  ntility  will,  no  doubt,  ensure  it 
s  ready  Introdnction,  and  a  favourable  reception,  in  every  inteUigent  fharfly.  In 
nddition  to  the  great  heads  of  domestlc.economy,  agriculture,  and  chemistry,  this 
work  points  out  the  best  modes  of  curing  diseases,  and  obviating*the  effects  of  sud- 
den accidents  ;  and  presents  also  an  outline  of  the  mind  and  psssions,  with  a  view 
to  the  improvement  of  morals  and  education." — AfonfA/y  Mi^iaiMe. 

m 

*<Th'e  utility  and  variety  of  the  subjects  Mr.  Jennings's  Cyclopsedia  embraces,  and 
tholr  cmiiieifott  wittt  the  intimate,  important,  and  daily  concerns  of  fife,  excite  aa 
irresistible  and  laudable  curiosity  towards  them.  That  a  considerable  portion  af 
taieni  has  been  bestowed  on  this  very  useful  undertaking,  vrill  he  perceived  by  the 
hasty  glance  at  its  pages.  The  Alphabeiical  Arrang0»f»i  rasdefs  it  pernKnrly 
nient  for  rrferenee..  Under  the  heads  Appetite^  Jt.T«rcu«,  EdnMiioUy  Food, 
Unctf  Ague,  Ckeamiry,  &c«,  and  indeed  in  every  department,  will  bo  ionnd  nsoie  or 
less  originality.  It  is  not,  however,  tlie  abilltvJahich  is  displayed  ia  the  Work,  uninent 
sn  it  miqoc»tiontibly  iii,  but  its  obvious  utility,  that  will  secure  for  it  a  popular  adop* 
tion.  There  is  no  subject  allied  to  the  pleasures  or  the  pains  of  domestic  life,  bat  hm 
its  appropriate  dovelopment  in  Mr.  Jenningi^s  Work;  and  many  of  the  articka 
are.tivated  wsth.adiffnsew}ss  and  origtoidity,  wMeh  entMe  it  t»  nnfualified  com- 
mendation.''— Taunton  Courier, 


tONDON  ;-t.Prij»tm  f:oR  SHERWOOD,  MEKLY, a.»©  JOKES, 

VAXMWtOaTMSi  ROW.. 
G.  Sidney,  Printer,  Northomberiand  Street. 


HARVARD  UNIVERSITY 

ht^:/Aib,htayard.€dit 

If  the  ttem  b  recaOed,  the  borrower  will 
be  notified  of  the  need  for  tn  earUer  return. 


Thankyeufor  htlpmg  us  to  preserve  our  coUecHont 


~^ 


